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ABSTRACT 
Surges and waves generated by hurricanes and other severe storms can cause 
devastating damage to property and loss of life in coastal areas. Vegetation in wetlands and 
coastal fringes can reduce storm surges and waves while complementing traditional coastal 
defense approaches such as permanent levees, seawalls and gates. The effectiveness of 
marsh vegetation in attenuating storm surge energy and reducing soil erosion depends on 
the level of primary production at the time of the storm surge and the ability of marsh 
vegetation to recover rapidly from damage caused by the storm surge. Marsh production 
depends on a variety of abiotic factors, including salinity, flooding stress, and nutrient 
availability. Recovery of marsh vegetation from damage caused by storm surges depends in 
large part on characteristics of the dominant plants (e.g., biomass allocation to 
belowground parts).  
In this study, I quantified differences in abiotic and vegetation characteristics 
between high and low marshes at coastal and inland sites. I hypothesized that total primary 
production would be lower in low marshes and at coastal sites than in high marshes and at 
inland sites due to increased stress associated with tidal flooding and/or salinity. I also 
hypothesized, however, that belowground biomass allocation during the hurricane season 
would be greater in coastal marshes and in low marshes than in inland marshes or in high 
marshes, which in turn could allow more rapid recovery from damage caused by storm 
surges. Soil and plant samples were collected from December 2009 to November 2010 in
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both low and high marsh zones directly along a coastal edge as well as further inland on eight 
transects at Graveline Bayou and at the Grand Bay National Estuarine Research Reserve 
(GNDNERR) on the Mississippi Gulf Coast. Hydrologic and chemical data for these eight 
transects, including salinity, pH, and water depth, were obtained from the monitoring stations 
at GNDNERR. Field measurements included collection of soil cores and plant samples within 
a 0.25 m2 quadrat, plant heights, percent cover, and elevation. Laboratory analyses of the soil 
samples included moisture, bulk density, organic matter content, mean grain size, and sand, 
silt, and clay percentages. Laboratory analyses of the plant samples included measurements 
of above- and belowground biomass, stem diameter and rhizome thickness.  
The results showed that plant aboveground production was higher in inland and 
high marshes than in coastal and low marshes but plant rhizomes were thicker in coastal and 
low marshes with all sampling seasons combined, which indicated that native vegetation at 
lower elevation in close proximity to storm surges within coastal marshes tended to have 
lower aboveground production and higher belowground production. In inland marshes, 
vegetation tended to produce high aboveground biomass in summer and then moved 
carbohydrates to belowground in fall. The results that coastal vegetation produced higher 
aboveground biomass with lower sand percentage and higher silt percentage in high marshes 
suggested that vegetation production tended to be higher with higher clay and peat properties. 
The finding that coastal vegetation tended to produce higher belowground biomass in 
summer than was found in inland marshes was consistent with the hypothesis that plants in 
coastal marshes are better able to withstand storm waves and survive hurricane events.  
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CHAPTER 1 
INTRODUCTION                                                   
Although coastal marshes are widely recognized as being important in limiting the 
impact of storm surges, there remains disagreement about which characteristics of coastal 
marshes are the most important in this regard. Vegetation dissipates energy and aids in 
shoreline protection by damping incoming waves and depositing sediment in vegetated 
regions (Augustin et al. 2009). In addition, the roots and rhizomes of marsh plants help the 
sediments cohere and consolidate. For example, Phragmites australis (common reed), which 
has an extensive root system and rigid aerial stems, has been used to stabilize river and canal 
banks to prevent erosion. The marshes can attenuate wave energy as waves propagate through 
the vegetation stand because the sediments are reinforced by the roots (Falas 2007). After 
recent natural disasters such as Hurricane Katrina, the Indian Ocean tsunami, and Cyclone 
Nargis, several studies on the protective capacity of wetland vegetation focused solely upon 
the ability of aboveground parts (plant stems and leaves) to reduce wave forces on the medial 
surface or retard through-flow underneath the vegetation canopy and of belowground parts to 
stabilize the sediments (Anonymous 2008; Barbier et al. 2008; Danilsen et al. 2005; Falas 
2007; Kathiresan and Rajendran 2005; Koch et al. 2006; Leonard and Luther 1997; Möller et 
al. 1999; Nepf and Koch 1999; Shi et al. 1995). Another potential function of high 
belowground production is rapid recovery of aboveground production from stored reserves 
following disturbances. Such rapid recovery may be particularly important in low marshes in 
coastal areas because 1) these marshes are more likely to be damaged by storm surges than 
are inland and high mashes (Nixon Oviatt 1973; Odum et al. 1995; Weis and Bulter 2009) 
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and 2) restoring oxygen transport to the roots via stem and leaf aerenchyma following a 
disturbance is crucial in low marsh habitats where soil anoxia is potentially more severe 
(Odum 1971; Cronk and Fennessy 2001). 
The effectiveness of marsh vegetation in reducing soil erosion depends on the 
vegetation production. The more productive marsh vegetation is, presumably the better it will 
be at reducing wave energy aboveground and consolidating sediments belowground. 
Although phosphorus contributes to eutrophication, primary production in most temperate 
estuaries and coastal marine ecosystems is nitrogen limited. When elements such as carbon, 
nitrogen and phosphorus are incorporated into biomass or released through decomposition, 
these different inorganic elements provide varying amounts of energy yield, and the 
interaction of these processes creates a microbial energy economy by assimilatory coupling 
of elemental cycles (Burgin et al. 2011; Howarth et al. 2011). Besides microbial processes 
and elemental limits for the primary production in estuaries and coastal areas, several 
researchers have observed production among marshes along salinity gradients (De la Cruz 
1973; Eleuterius 1972, 1976, 1990; Foster 1968; Howes et al. 1986; Mendelssohn et al. 1990; 
Morgan 1961; Odum 1971; Odum and Fanning 1973; Odum et al. 1995; Schelske and Odum 
1961; Table 1). In general, but not always, production tends to decrease with increasing 
salinity, presumably because of energy costs associated with salt stress adaptations (De la 
Cruz 1973; De la Cruz and Hackney 1977; Gallagher et al. 1980; Howes et al. 1986; 
Mendelssohn and Burdick 1988; Odum 1971; Odum et al. 1995). 
In addition, other researchers have previously observed significant differences in 
production between lateral and medial portions within coastal marshes (De la Cruz 1973; 
Eleuterius 1975, 1976; Mendelssohn and McKee 1988). These differences appear to be due 
primarily to anoxia gradients and nutrient gradients (Cargill and Jefferies 1984; Darby and 
Turner 2008; De la Cruz and Garbriel 1973; De la Cruz and Hackney 1977; Howes et al. 
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1986; McKee and Cherry 2009; Mendelssohn and Burdick 1988; Mendelssohn and McKee 
1992; Valiela et al. 1975). Such differences in production could translate into differences in 
erosion between lateral and medial portions of a marsh. Although there are some studies 
comparing plant primary production between fresh water and salt marshes due to salinity 
gradients (Atkinson et al. 2010; De la Cruz 1973; Eleuterius 1990; Holland and Burk 1990; 
Metzler and Rosza 1982; Odum 1961; Odum 1978; Odum et al. 1995; Whigham and 
Simpson 1978; Table 2) and at different elevations within marshes (Eilers 1981; Mendelssohn 
and Burdick 1988; Mendelssohn and McKee 1989), relatively few studies have compared 
plant above- and belowground primary production between low and high marsh zones 
between coastal and inland marshes along salinity gradients. 
The objective of this study was to provide field datasets of soil and botanical 
characteristics from each experimental site. My first hypothesis was that vegetation total 
primary production would be lower in low marshes and at coastal sites than in high marshes 
and at inland sites due to increased stress associated with tidal flooding and/or salinity. Plant 
production tends to be lower at low elevations within a marsh due to disturbances and 
stresses (e.g., salinity and flooding). Marsh production depends on a variety of abiotic factors 
including salinity. Soil water salinity limits growth of most plants and salinity decreases as it 
moves inland. Therefore, vegetation tends to be more productive in high marsh zones away 
from disturbances and stresses (Keddy 2010). On the other hand, soil anoxia, which limits the 
plant growth in most marshes, tends to be greater at low elevation within a marsh. Vegetation 
tends to produce high above- and belowground production in high marsh zones at high 
elevation where contain less physical stresses. In addition, soil in low marshes at coastal sites 
tends to contain high sand percentage due to the sediment distribution by flooding and storm 
surges. If sediment contains higher sand percentage and lower silt percentage, it is not 
beneficial for plant growth because small-sized grains can hold more nutrients (Weis and 
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Butler 2009). In addition, Feagin et al. (2009) found that soil erosion was strongly driven by 
the presence of sandy sediments and storm surges had direct effects on plant removal in 
coastal marshes with higher soil erosion rates. 
The second hypothesis was that vegetation belowground biomass allocation during 
the hurricane season would be greater in coastal marshes and in low marshes than in inland 
marshes or in high marshes, which in turn could allow more rapid recovery from damage 
caused by storm surges. Although vegetation tends to produce high primary production in 
high marsh zones away from disturbances and stresses, coastal vegetation at low elevation 
tends to produce high belowground production to prepare for the hurricane seasons because 
healthy rhizome systems can help vegetation store carbohydrates and consolidate sediments 
in order to survive and withstand storm surges during hurricane events. In addition, high 
belowground production takes an important function for vegetation to recover aboveground 
production quickly from stored reserves following disturbances. 
 
Table 1. Estimates of annual net primary production (g dry wt ·m-2) of aboveground 
materials of selected salt marsh communities (De La Cruz 1973; Eleuterius 1990) 
Marsh community Annual Net 
Production 
Geographic Location Reference 
Mixed vegetation 992-1108 St. Louis Bay Estuary, Ms. De la Cruz & Gabriel (1973) 
Mixed vegetation 1246 Patuxent Estuary, Md. Johnson (1970) 
Spartina alterniflora 445-2883 Patuxent Estuary, Md.; Bay 
Estuary, La.; Canary Creek 
Estuary, Del;.Sapelo Is., 
Ga.;Barataria Beaufort, N. C.;  
Johnson (1970); Kirby (1971); 
Morgan (1961); Odum & Fanning 
(1973); Teal (1962); Williams & 
Murdoch (1969); Schelske & Odum 
(1961); Smalley (1959) 
Juncus roemerianus 560-2000 Ocean Springs, Ms.; Cape Fear 
River, N. C.; Everglades, Fla.; 
Bodie Is., N. C.; Cape Lookout, 
N. C.;  
Eleuterius (1972, 1976, 1990); 
Foster (1968); Heald (1969); Waits 
(1967); Williams & Murdoch 
(1972); Stroud & Cooper (1968) 
Spartina cynosuroides 1028 Altamaha River Estuary, Ga. Odum& Funning (1973) 
Spartina patens 993-1296 Long Is., N. Y.; Bodie Is., N. C. Harper (1918); Waits (1967) 
 
 
Table 2. Estimates of annual net primary production (g dry wt· m-2) of belowground 
materials of selected salt marsh communities  
Marsh community Annual Net Production Geographic Location Reference 
Mixed vegetation 586-746 Wise County, Va. Atkinson et al. (2010) 
Spartina alterniflora 370-603 Cocodrie, La. Darby and Turner (2008) 
Juncus roemerians 9700-12400 St. Louis Bay, Ms. De La Cruz (1973) 
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It is generally acknowledged that vegetation in wetlands and coastal fringes can 
attenuate surge and wave energy and affect sediment dynamics (Baumann et al. 1984; 
Chapman 1960; Mitsch and Gosselink 2009; Nixon and Oviatt 1973). However, field datasets 
existing on coastal vegetation type, density and height that could improve numerical models 
of wave attenuation by wetland vegetation have received little attention. Therefore, coastal 
botanical and site characteristics that could affect the attenuation of coastal surges and waves 
need to be studied more because integrating field datasets into numerical models of wave 
attenuation by wetland vegetation would be an invaluable contribution to salt marsh 
restoration and conservation projects (Asano 2006; Augustin et al. 2009; Feagin et al. 2009). 
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CHAPTER 2 
LITERATURE REVIEW                                                 
2.1 Coastal Geomorphology 
Storm induced coastal changes have an important effect on coastal geomorphology, 
including beach erosion, dune erosion, overwash, inundation, coastal cliff erosion and marsh 
erosion. Moreover, the waves and currents have a negative impact on coastal cliffs by eroding 
their bases, eventually undermining the cliffs and causing slumping (USGS website). 
According to the USGS open file report (Barras 2006), marshes were surveyed after the 2005 
hurricanes, indicating the net land decrease from 1956 to 2004 in the coastal Louisiana 
marshes was 1,149 mi2 (2,975.91 km2), and the net land decrease from 2004 to 2005 was 218 
mi2 (564.62 km2; Bird 2008).  
Hurricanes and winter fronts are major depositional and erosional agents in Bayou 
Lafourche, LA, a previous Mississippi River course and a Mississippi River distributary. 
Storms can also generate high-velocity flows over marsh surfaces, causing the redistribution 
of previously deposited sediments such as a natural levee (Brewer and Grace 1990; Cronk 
and Fennessy 2001; Leopold et al. 1964; Mitsch and Gosselink 2009; Mitsch et al. 2009). A 
few studies have investigated hurricane-induced sedimentation in coastal marshes (Cahoon et 
al. 1995; Nyman et al. 1995; Turner et al. 2006). Hurricanes Katrina and Rita caused an 
average deposition of 5 cm sediment in wetlands across coastal Louisiana and eastern Texas 
(Turner et al. 2006). Regular tides above 3 m or so might have 
caused such severe erosion that production is reduced. Production is highest where flooding 
is moderate, especially where high water occurs in the dormant season because too much 
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flooding is a stress that reduces production and diversity (Baumann et al. 1984).  
During hurricane Katrina, a lot of earthen levees along the Mississippi River Gulf 
Outlet were washed away for many miles due to run-up and overtopping waves. Few of these 
levees were protected from high-energy surge currents and waves that broke on these levee 
faces (Day et al. 2007; Leopold et al. 1964). In addition, marshes tend to convert to open 
water and forests to marshes because land elevation and tidal inundation are key factors 
controlling habitat type and distribution in the coastal environment (Doyle 1997).  
2.2 Estuarine Characteristics 
As an important part of coastal areas, an estuary is a partially enclosed body of water 
where fresh water from rivers and streams mixes with salt water from the ocean and supports 
communities such as tidal fresh water, brackish and salt marshes. Areas with salinities greater 
than 15 ppt (parts per thousand) will support salt marshes and less than 0.5 ppt will support 
fresh marshes. Brackish marshes occupy the salinity zone between the fresh and salt marsh 
zones (Metzler and Rosza 1982; Odum 1978; Odum et al. 1978). Salt marshes, which are 
coastal wetlands rich in marine life, can be found throughout the world on protected 
temperate shorelines and at the edges of estuaries where fresh water mixes with seawater. A 
salt marsh, which is a unique environment, is classified as being the intertidal coastal area of 
fine sediment that has been transported by water and is stabilized by vegetation (Edwards and 
Proffitt 2003; Tiner 2005). Sandy sediment deposition results in increased marsh plain 
elevation and bulk density. Soil nitrogen is also decreased with sandy sediment deposition. 
These changes create a strong wetland-upland gradient and influence the development of 
well-defined vegetation zones from wetland to upland (Baldwin and Mendelssohn 1998; 
Byrd and Kelly 2006). In addition, salt marshes serve to shield and protect coastal areas from 
floods and storms because they can take the brunt of storm surges, buffering shorelines from 
flood and storm damage (Weis and Butler 2009). 
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2.3 Soil Chemistry and Biogeochemical Processes 
Moisture level in wetland environments varies over time and space as the 
determining factor in affecting plant zonations (Mendelssohn and Burdick 1988). Wetland 
plants that are able to persist have adaptations to saturated substrates, which are termed 
hydric soils. Wetland plants that fail to adapt to constant saturated conditions cannot survive 
because saturated conditions lead to low oxygen or a lack of oxygen in the soil pore spaces 
(Cronk and Fennessy 2001).  
Not only does hydrology play a major role in controlling the vegetation dynamics of 
wetlands, but soil chemistry and topography are also determined by hydrology (Gagliano 
1981; Mendelssohn and McKee 1989; Niering 1987; Weis and Bulter 2009). The main 
function of wetland sediments is to support plant growth. Although nutrient availability is 
known to mediate plant community structure in wetland systems, few studies of nutrient 
effects have been done where strong gradients in physical stress might constrain the effects of 
nutrients (Pennings et al. 2002). Marsh type has a significant effect on soil properties (e.g., 
nitrogen, organic carbon), especially bulk density (Fearnley 2008). In addition, sediments in 
tidal fresh water marshes on average are higher in organic content and are less sandy than 
those in the estuaries (Brewer and Grace 1990; Odum et al. 1995).  
Redfield (1958) found that atoms of phosphorus, nitrogen and carbon in organisms 
of different size are present on average in the ratios: 1:16:106 through the analysis of many 
samples of marine/ oceanic plankton. Moreover, the ratio of nitrogen to phosphorus in fresh 
waters is higher than that in ocean water and the ratio in sedimentary rocks is much lower. In 
the process of photosynthesis, phosphorus, nitrogen and carbon are carried in the proportions 
of 1:15:105 to the point of decomposition where they are oxidized to their original state as 
phosphate, nitrate and carbonate. Many important biogeochemical processes are taking place 
in the wetland ecosystems due to high primary production, the accumulation of litter, and the 
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presence of both aerobic and anaerobic sediments (Brewer 2003; Howes et al. 1986; Johnston 
1991; Levine et al. 1998; Mendelssohn 1979; Mitsch and Gosselink 2000; Mitch et al.1995). 
Buresh et al. (1980) found that added nitrogen significantly increased total aboveground plant 
biomass of Spartina alterniflora by 28% and plant height by 25% in a Louisiana salt marsh. 
Thus, soil chemicals and nutrient levels have an important effect on vegetation growth. 
2.4 Marsh Zonation 
Hydrology cannot only determine soil chemistry and topography, but can also affect 
the vegetation structure by changing sediment topography. In northeastern U.S. marshes, the 
raised elevation allowed establishment of less flood-tolerant species, especially Spartina 
patens (saltmeadow cordgrass). The process of seaward and landward development caused 
the existing low and high marsh vegetation pattern (Figure 1; Niering and Warren 1980). In 
the east coast of the United States, the development of marshes depends on the physiological 
characteristics of Spartina alterniflora (Redfield 1971). 
Throughout southeastern U.S. marshes, there is a two-way penetration of species 
into the estuarine marsh area: those which extend downward from fresh water into the low 
salinity, mid salinity and high salinity regions which are dominated by Juncus roemerianus 
(needlegrass) and those which extend from high salinity into low salinity and fresh water 
areas. Moreover, there is a lateral distribution of plant species in the saline and brackish 
marshes to upland areas. The lateral distribution of plants exhibits distinct zonation, which 
represents sharp delineation of a particular species or group of species from other species. In 
salt or brackish marshes, Spartina alterniflora normally forms a fringe border between 
Juncus roemerianus and the open water of bays, rivers, creeks and bayous. S. alterniflora, 
which extends into salt water, is apparently controlled in part by the tides. In addition, the S. 
alterniflora zone, which occurs as a pure stand, is not associated or intermixed by other 
vascular plants. However, S. alterniflora cannot survive continuous submergence of its roots 
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in standing water (Redfield 1971). The S. alterniflora habitat normally occurs in protected 
bays, bayous (tidal creeks), rivers and behind sand spits and on leeward sides of islands 
instead of on high energy sand beaches where wind and waves form dunes (Figure 2; 
Christmas et al. 1973). Although whether vegetation structure reduces coastal damage 
indirectly by altering the geography of the landscape is still questionable, it has been 
inductively proven that coastal plants can “engineer” land elevation (topography and 
bathymetry) through succession (Feagin 2008). 
2.5 Vegetation 
Salt marshes are composed of a variety of plants including sedges, rushes, and 
grasses (Mitsch et al. 2009). Spartina alterniflora (smooth cordgrass), a perennial emergent 
grass, is a dominant species in intertidal wetlands, especially in estuarine salt marshes (Figure 
2). It is often prolific in areas exposed to moderate waves such as coastal marsh edges. The 
stems, which are often 1 cm wide, are soft and spongy or succulent at base. This plant, which 
has long and extensive rhizomes and roots, can increase belowground production (Hitchcock 
and Chase 1950).  
 
 
Figure 1. Bisect showing southern New England marsh development oceanward with 
intertidal Spartina alterniflora tall (Sat) and intermediate (Sai) peat being replaced by high 
marsh peat; Key: MHW1= mean high water when marsh development began; MHW2= 
mean high water at present; MLW= mean low water at present (Niering and Warren 1980). 
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Figure 2. Bisect which shows the zonation of vegetation of a salt marsh along the Davis 
Bay, Gulf Coast of Mississippi (Christmas et al. 1973). 
 
Spartina patens (saltmeadow cordgrass or salt marsh hay), which is also known as 
salt hay grass, is a species found in saline marsh inland or in high marsh zones where it is 
covered at times by high tides (e.g., the inland areas of brackish coastal salt marshes; USDA 
Plants Database 2010). Spartina patens is the most common indicator species for the high 
marsh zone (Adams et al. 2008; Woodrey and Walker 2009). Juncus roemerianus Scheele. 
(needlegrass rush), a typical emergent marsh plant forming extensive and often dense stands, 
is primarily restricted to coastal marshes and estuaries of the South Atlantic and Gulf Coasts 
of the United States. The leaves, which can grow to 2 m tall, are longer than the stems 
(culms). The species is one of about thirty rhizomatous perennials which persist as major 
vegetational components of these temperate and subtropical salt marshes (Eleuterius 1975). 
In addition, Pennings et al. (2005) investigated the factors producing zonation 
patterns of the dominant plants in salt marshes in the southeastern U.S. They found that 
Juncus roemerianus dominates the high marsh, and Spartina alterniflora dominates the 
middle and low marsh. Although Spartina occurred naturally at low densities in the Juncus 
zone, it performed well if transplanted there only if neighbors were removed, indicating that 
its lower limit was set by physical stress (Pennings et al. 2005). However, Juncus 
roemerianus dominates low, middle and high marsh zones in inland marshes, and Spartina 
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alterniflora dominates low marsh in coastal marshes at Grand Bay and Graveline Bayou 
along the Gulf Coast of Mississippi (GNDNERR website; Woodrey and Walker 2009).   
2.6 Storm Surges and Effects on Production and Vegetation 
Surges and waves generated by hurricanes and other severe storms can cause 
devastating damage to coastal areas, including wetland loss. Moreover, loss of coastal 
wetlands also threatens ecosystem services, such as providing wildlife habitats (Langley et al. 
2009). Hurricane Katrina in August 2005 produced a catastrophe in New Orleans, U.S., in 
part because of the loss of tidal wetlands. It is likely that the effects of storm surges and 
waves on local communities would be beyond our imagination if coastal wetlands continue to 
be damaged. According to the recent estimates of coastal land loss rates (Howard 2003), the 
annual coastal land loss is about 62 km2 (24 mi2) over the past decade. The intensity of 
coastal waves on wetlands damaged by hurricanes and tropical storms depends on storm 
intensity and a wetland’s location relative to the storm track (McKee and Cherry 2009). 
Storm surges in coastal marshes may increase erosion by scouring during intense wind and 
wave action brought by hurricanes and tropical storms. Damages caused by powerful storms 
to the land and to coastal communities will be much less severe in areas where marsh grasses 
are healthy and grow in high density (Weis and Butler 2009). Coops et al. (1996) found that 
the greatest wave attenuation, which was measured as relative wave height reduction, was 
measured in the fully developed vegetation in August of each year from 1991-1993 in both 
Phragmites australis (common reed) and Scirpus lacustris (the true bulrush). Wave 
attenuation is highest when seagrasses occupy a large portion (> 50 percent cover) of the 
water column (Fonseca and Cahalan 1992; Koch et al. 2006; Ward et al. 1984). 
However, the results of recent research on Galveston Island, TX, (Feagin et al. 2009) 
showed that the soil type and geographical setting, rather than successful growth of native 
coastal vegetation, primarily influenced the soil erosion rate. All erosion appeared to be 
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related to a spatial gradient along the shoreline in the field experiment. Nevertheless, the 
authors distinguished between lateral (marsh edge) and medial (marsh interior) erosion as the 
interaction between waves and the substrate was very different in each portion of the marsh 
(direct impact force in the case of the former and attenuated orbital wave currents at the bed 
in the latter). Moreover, erosion appeared to be most prominent during the draw-down 
(backwash) of a wave cycle, rather than during the swash of an oncoming wave. The wave 
height to water depth ratio determined where waves break and the resulting cross-shore 
location of possible cliff formation (Figure 3).  
Spartina alterniflora has extensive rhizomes and is prolific on the marsh edge in 
areas exposed to moderate wave energy (Figure 4; Anonymous 2008; Barbier et al. 2008; 
Danilsen et al. 2005; Kathiresan and Rajendran 2005; Leonard and Luther 1997; Möller et al. 
1999; Nepf and Koch 1999; Shi et al. 1995). On the other hand, Batis maritime (turtleweed), 
which is found in sheltered areas, has weak and brittle root structures (Feagin et al. 2009). 
However, the difference of rhizome structures did not result in a significant difference in 
mitigating the total amount of erosion along a wetland edge. Moreover, Feagin et al. (2009) 
found that soil type was best-suited to resist punctuated disturbances at the seaward margin of 
salt marshes, specifically breaking waves, while native coastal vegetation was best-suited to 
modify and control sedimentary dynamics.  
Plant stem spacing and stem flexibility are likely to be key parameters in wave 
attenuation (Feagin et al. 2011). Roberts (2009) investigated the response of the dominant salt 
marsh macrophyte Spartina alterniflora to sedimentation during Hurricanes Gustav and Ike. 
He found there was significant increases in plant aboveground biomass where storm 
sedimentation was greatest (~3.5 cm) after tracking the above- and belowground plant 
response to a range of sedimentation rates, as well as the volume of mineral and organic 
matter content, in the upper reaches of the marsh soil for one year. His results implied that 
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hurricane sedimentation may benefit subsiding coastal marshes by stimulating aboveground 
vegetation mass as well as soil organic matter volume, and there may be a sediment thickness 
threshold that must be met before such positive effects are expressed. 
 
 
Figure 3. Side view of flume set-up to simulate waves (not to scale; Feagin et al. 2009). 
 
Figure 4. A typical eroding marsh edge in Galveston Island, TX (Feagin et al. 2009; 
previous studies have focused on processes occurring above the line). 
 
2.7 Wave Modeling Studies 
A complete understanding of erosion processes in coastal marshes requires the 
application of wave attenuation models parameterized by field data on aboveground and 
belowground vegetation production and soil/site characteristics. It is also commonly known 
that vegetation dissipates energy and aids in shoreline protection by damping incoming waves 
and depositing sediment in vegetated regions (Augustin et al. 2009). The fact that waves can 
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be effectively damped by vegetation is a function of plant morphology (stiffness and plant 
length). Although hydrodynamic factors play a major role in the functions of water quality, 
biochemical processes and ecosystems, the studies on the hydrodynamics of coastal 
vegetation, such as wave deformation, sediment movement and bathymetric development, are 
few and far behind those on the hydrodynamics of riverine vegetation (Asano 2006). It is 
important to realize that the interaction of water waves with vegetation is a dynamic process 
in quantifying the wave attenuating properties of salt marshes (Meijer 2005).  
The uncertainties in the wave attenuating qualities of vegetation have led to an 
increasing demand for a numerical model with which wave attenuation over vegetation can 
be simulated. Therefore, lots of wave-damping models have been developed based on the 
theory of wave damping due to the presence of coastal vegetation from the simplest linear 
wave-damping model to a three-dimensional wave model for more realistic situations (Asano 
2006; Nepf and Koch 1999; Ozeren and Wren 2009; Ozeren et al. 2009; Shi et al. 1995; Wu 
et al. 2000; Wu et al. 2004). However, there still remain several problems such as how to 
quantify suitable values for the model parameters because accumulation of reliable field data 
is required to verify the mathematical models (Möller et al. 1999). Thus, more comprehensive 
field data is necessary to improve numerical models, especially coastal botanical and site 
characteristic datasets which could affect the attenuation of coastal storms and surges. 
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CHAPTER 3  
OBJECTIVES AND HYPOTHESES                                   
3.1 Objectives 
The present research is funded by the U.S. Department of Homeland 
Security-sponsored Southeast Region Research Initiative (SERRI) at the Department of 
Energy’s Oak Ridge National Laboratory to the University of Mississippi (UM) entitled 
“Investigation of Surges and Wave Reduction by Vegetation” (SERRI Project No.80037). 
Investigators are funded at the UM National Center for Computational Hydroscience and 
Engineering, the UM Department of Biology, the USDA-ARS National Sedimentation Lab, 
and Louisiana State University (LSU) Department of Civil and Environmental Engineering. 
The objectives of this SERRI project are to: (1) provide field and laboratory datasets of surge 
and wave attenuation by wetland vegetation for validation of numerical models and improve 
estimates of frictional resistance algorithms and coefficients; (2) develop guidance that 
characterizes the attenuation of surges and waves as a function of vegetation type, density, 
and height (information will be limited to the types of vegetation measured in field and 
laboratory studies); (3) characterize each experimental site as to soil horizon (e.g., 
classification), sediment bulk density, organic matter content, texture, salinity, pH, elevation, 
and plant growth form; (4) establish relationships between attenuation of surges and waves, 
botanical characteristics, and site characteristics; (5) identify field demonstration site(s) and 
generate online video clip(s), with quantitative information relating vegetation to wave and 
surge attenuation, for illustrating the value of natural landscape features.  
The first step was to identify field demonstration sites in Mississippi that would 
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complement the sites chosen previously in Louisiana by LSU colleagues. The role of our 
team, which focuses on the second, third and fourth objectives in this project, is to collect and 
provide field and laboratory datasets such as soil horizon, sediment bulk density, organic 
matter content, texture, salinity, pH, elevation, and plant growth form (density, cover, 
biomass, rhizome thickness, and height) in each sampling site, and other team members are to 
investigate the reduction of surges and waves by vegetation via laboratory, field 
experimentation and computational modeling. The overall objectives are to characterize each 
sampling site by surveying native plants, characterizing associated sediments in both low and 
high marsh zones, measuring primary production of native vegetation, and assessing 
elevation and salinity gradients in coastal and inland marshes vegetated by Spartina 
alterniflora, Juncus roemerianus, and/ or Spartina patens along the Mississippi Gulf Coast. 
Another graduate student in the Biology Department mentioned that the Grand Bay National 
Estuarine Research Reserve in southeast Mississippi provides unique coastal habitats for 
research because of the great biological significance of the variety of wetland and terrestrial 
habitats. Upon visiting these marshes in December 2009, we learned that most of the work at 
Grand Bay had focused on hydrological parameters and ornithological studies, but not on 
coastal vegetation. Thus, Grand Bay and neighboring Graveline Bayou were chosen as the 
research sites after reviewing the aerial photographs and historical data available.  
3.2 Hypotheses 
The first goal was to determine what field datasets exist on coastal vegetation type, 
density, and height that could improve numerical models of wave attenuation by wetland 
vegetation. After an extensive literature review, coastal botanical and site characteristics that 
could affect the attenuation of coastal surges and waves were chosen for investigation. 
Hypothesis1: Vegetation total primary production would be lower in low marshes 
and at coastal sites than in high marshes and at inland sites due to increased stress associated 
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with tidal flooding and/or salinity. 
Hypothesis 2: Vegetation belowground biomass allocation during the hurricane 
season would be greater in coastal marshes and in low marshes than in inland marshes or in 
high marshes, which in turn could allow more rapid recovery from damage caused by storm 
surges.  
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CHAPTER 4 
METHODS                                                      
4.1 Research Sites and Experimental Setup 
Two research sites have been chosen in southeast Mississippi in order to compare 
and contrast coastal marsh development at these two locations as well as to compare with 
previous work in LA. The Grand Bay Reserve [30° 21.551’N, 88° 25.202’W] (Figures 5, 6, 7 
and 8), which is located in Jackson County in southeast Mississippi, is one of the most 
biologically productive estuarine ecosystems in the Gulf of Mexico region. The Grand Bay 
National Estuarine Research Reserve (GNDNERR), which is found chiefly within the Grand 
Bay National Wildlife Refuge and the Grand Bay Savanna Coastal Preserve, is a protected 
marine area comprised of approximately eighteen thousand acres (7287.45 hectares; Adams 
et al. 2008; Woodrey and Walker 2009). This Reserve contains a variety of wetland habitats, 
both tidal and non-tidal, such as salt marshes, saltpans and bays as well as terrestrial habitats 
that are unique to the coastal zone such as maritime forests (Cho and May 2006). The fresh 
water marshes in the Reserves are either tidal or non-tidal depending on where they are 
located within the landscape, and most of these habitats are rarely flooded by saltwater. The 
estuaries of the Reserves are dominated by the salt marsh community. The salt marshes which 
are influenced by the rise and fall of the tides are divided into three major wetland zones 
based on minor differences in elevation. The low marsh (zone closest to open water) which is 
the narrowest zone along the fringes of many of the Reserves’ bayous where the 
brackish tidal waters reach every day is dominated by Spartina alterniflora. The mid-marsh 
(about 20 m inland from the edge) is not covered by water every day because it is located 
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above the mark of mean (average) high water between the low and high marsh. The highest 
zone (about 40 m inland), which is covered with water only during unusually high water 
events such as hurricanes, serves as an interface with the adjacent terrestrial habitats (Cho 
and May 2006; GNDNERR website; Woodrey and Walker 2009).  
Graveline Bayou [30° 21.47’N, 88° 41.41’W] (Figures 5 and 8) is located between 
Ocean Springs and Gautier along the Mississippi Gulf Coast. Graveline Bay and Bayou has a 
wetland reserve boundary of 946 hectares (9,472,950 square meters; Gulf Ecological 
Management Sites website; GEMS 2010). Graveline Bayou represents one of a few relatively 
undisturbed estuarine bays and small tidal creeks in Mississippi. The area supports salt marsh, 
brackish marsh, and several oyster beds. The bay, marsh, adjoining upland forest, and 
undeveloped beach front near the mouth of Graveline Bayou are an important landing area 
for neotropical migrant birds. The coastal marsh estuarine system receives only local fresh 
water runoff and consists largely of mid-level Juncus roemerianus- dominated marsh along 
its entire length. Spartina alterniflora occurs largely as narrow (1-3 m) bands along the coast, 
creeks and bayous.  
Hurricane Katrina (Table 3; NOAA Coastal Services Center website) made landfall 
and damaged marsh vegetation along the Louisiana and Mississippi coasts on August 29, 
2005 as a category 5 storm. Katrina’s wind speeds peaked at 282 kph, and, at its largest, the 
storm had hurricane force winds extending 193 km from its eye. Storm surge heights were 6 
to 10 m in some areas along the coast, the effects of which extended as far east as Mobile, AL. 
At Grand Bay, the maximum sustained wind speed of Hurricane Katrina was stronger than 
205 km/hr and the storm surge was 3.97 m. Hurricane Rita followed, on September 24, 2005, 
and made landfall farther to the west, near Sabine Pass, TX, and, consequently, had less of an 
impact on Grand Bay compared to Katrina (McKee and Cherry 2009). 
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Figure 5. Grand Bay and Graveline Bayou 
are indicated by red triangles on the 
Mississippi Coast (Google Map accessed on 
March 17, 2010). 
Figure 6. Grand Bay National Estuarine 
Research Reserve on MS Gulf Coast 
(GNDNERR Website 2010). 
 
 
Figure 7. Grand Bay NERR Monitoring Stations 
(GNDNERR Website 2010). 
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Figure 8. Map of Grand Bay, Bayou Heron, Orange Grove and Graveline Bayou 
(Google Map accessed on February 23, 2010). 
 
Table 3. Dates of hurricanes and associated wind direction along the MS Gulf Coast from 
2004-2010 (Data provided by Dr. Mark Woodrey of GNDNERR; NOAA website) 
Date Name Description 
Sep. 2004 Hurricane Ivan Category 3; land fall East of the Grand Bay NERR;  
wind from Southeast 
Jul. 2005 Tropical Storm Cindy Sustained winds in excess of 55 mph (24.59 m/s);  
wind from West 
Hurricane Dennis Category 3; light wind and rain; wind from East 
Aug. 2005 Hurricane Katrina Category 5; storm surge 4.58-5.49 m (15-18 ft) and 100 
mph (44.70 m/s) winds; wind from Southeast 
Sep. 2005 Hurricane Rita Category 5; storm surge 0.92-1.53 m (3-5 ft);  
wind from Southwest 
Aug. 2008 Tropical Storm Fay Caused unusual water depths; wind from Southeast 
Sep. 2008 Hurricane Gustav 104 mph (46.49 m/s) winds; wind from Southwest 
Hurricane Ike Category 2; wind from Southwest 
Aug. 2009 Tropical Storm Claudette 45.36 mph (20.3 m/s) winds; wind from East  
Nov. 2009 Tropical Storm Ida Category 2; 45 mph (20.12 m/s) winds; wind from South 
Jul. 2010 Tropical Storm Bonnie 45 mph (75 km/h); wind from Southwest 
 
Erosion of marsh shoreline at the Grand Bay National Estuarine Research Reserve 
(GNDNERR) has been occurring steadily throughout the past several hundreds to thousands 
of years. One recent example of marsh erosion occurred with the pirating in the early 1950s 
of the Escatawpa River by the Pascagoula River (Otvos 1985). This natural process is driven 
by relative sea-level rise (combination of sea-level rise and land subsidence; Figure 9; NOAA 
website) and wave attack, and is offset somewhat by the conversion of upland areas to 
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wetlands.  
However, the process of upland conversion is limited, and in many cases reversed, 
by human development, making marsh erosion more problematic. Shoreline positions of the 
wave-exposed marsh shorelines were surveyed by using Global Positioning System (GPS) 
techniques in 1993 and 1999. The 1993 and 1999 GPS data covered the area from west of 
Point Aux Chenes to the interior of Point Aux Chenes Bay and along the southern shore of 
South Rigolets Island. Areas of the 1999 surveyed shoreline showed more than 2.5 m/yr (8 
ft/yr) of erosion, which totals 15 m/ 6 yr (50 ft). The southwestern shoreline of South Rigolets 
Island has the highest erosion rates, which average 50 m over the six-year period (1993-1999; 
8 m/yr, 27 ft/yr). The same 1999 surveyed shoreline showed more than 40 m (130 ft) of 
shoreline loss since 1986, which equals 3 m/yr (10 ft/yr). Of the 11.8 km surveyed, 3.8 km 
had more than 3 m/yr of loss over a 13-year period (1986-1999; Schmid 2000). The shoreline 
in areas exposed to high wave energy has been receding 6-10 m/yr since 2003 when 
GNDNERR began monitoring erosion rates at various locations where geological substrates 
and exposure to wave energy are different. Moreover, the coastal salt marshes located along 
the fringe of Grand Bay are being eroded away at over 9.14 m (30 ft) per year (GNDNERR 
website). The highlighted (in yellow) long-term erosion areas shown on the map of 
GNDNERR (Figure 6) are associated with the most wave-exposed orientations, notably Point 
Aux Chenes and South Rigolets Island (Schmid 2000). 
Crooked Bayou (CR) meteorological station, Point Aux Chenes (PC) water quality 
station, Bayou Heron (BH) water quality station and Bayou Cumbest (BC) water quality 
station (Figures 6 and 7) are the four monitoring stations at Grand Bay closest to where we 
sampled (Figure 8). Crooked Bayou (CR) meteorological station and Point Aux Chenes (PC) 
water quality station are the two monitoring stations closest to South Rigolets Island 
(Transects 1 and 2; Figures 6, 7 and 8); Bayou Heron (BH) is close to Transect 5, and Bayou 
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Cumbest (BC) is close to Transect 8 (Figures 6, 7 and 8). Grand Bay was inundated by 
hurricanes or tropical storms in three seasons from 2004 to 2010 (Table 3).  
 
 
Figure 9. Mean sea level trend in Mississippi (NOAA website 2011). 
 
Each storm’s winds often caused unusually high or low water depths. Before 
Hurricane Katrina occurred, the Crooked Bayou site was abandoned and the Point Aux 
Chenes site was designated in order to capture more low tide data. After 2005, the water 
depth increased by more than five times because the monitoring site was moved from 
Crooked Bayou (CR) to Point Aux Chenes (PC; Figures 6 and 7). For example, Tropical 
Storm Fay’s winds caused water depths to be unusually low as the storm passed east of the 
Reserve, headed northwest pushing water out of the Reserve on August 25, 2008. Once the 
storm’s track changed to the southwest, just west of the Reserve, the water depth readings 
were unusually high as the storm’s winds pushed water back into the Reserve. Hurricane Ike 
caused unusually high water depths in the Reserve in the days before landfall, as the storm 
passed south of the Reserve on its way to Texas on September 12, 2008.  
Physical, chemical and hydrological parameters were recorded at Grand Bay prior to, 
during, and subsequent to these major storms (Tables 4 and 5) from 2004 to 2010. Data for 
the coastal areas at Crooked Bayou (CR) and Point Aux Chenes (PC) monitoring stations 
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showed that the salinity ranged from 12.4 ppt to 27.2 ppt and the average salinity was 22.67 
ppt. The water depth ranged from 0.1 m to 2.0 m, and the average water depth was 0.87 m. 
For the northeastern inland Bayou Heron (BH) monitoring station, the salinity ranged from 
8.6 ppt to 24.9 ppt, and the average salinity was 18.33 ppt. The water depth ranged from 0.5 
m to 1.6 m, and the average water depth was 1.27 m. For the northwestern inland Bayou 
Cumbest (BC) monitoring station, the salinity ranged from 10.5 ppt to 31.1 ppt, and the 
average salinity was 17.41 ppt. The water depth ranged from 0.2 m to 0.7 m, and the average 
water depth was 0.47 m. The average salinity at Crooked Bayou (CR) and Point Aux Chenes 
(PC) monitoring stations (23.03 ppt, 2004-2010) was significantly higher than that at Bayou 
Cumbest (BC) (17.81 ppt) and Bayou Cumbest (BC) monitoring stations (17.76 ppt, 
2004-2010). 
In both coastal and brackish marshes, temperature was lowest in winter and highest 
in summer. Salinity was lowest in spring and highest in fall, but water depth was lowest in 
winter and highest in fall. Dissolved oxygen was lowest in summer and highest in winter. 
However, pH in coastal marshes was lowest in summer and highest in winter, and pH in 
brackish marshes was lowest in summer and highest in fall (Tables 4 and 5). 
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Table 4. Monitoring data (2004-2010) for coastal sites [Crooked Bayou (CR) and Point Aux 
Chenes (PC)] 
Year Time Temperature 
(°C) 
Salinity 
(ppt) 
Dissolved Oxygen 
(mg/l) 
Depth 
(m) 
pH 
2004
(CR) 
Winter 13.1 20.0 9.4 0.2 7.8 
Spring 20.8 19.9 7.5 0.5 7.7 
Summer 28.2 26.4 5.5 0.1 7.8 
Fall 24.2 23.1 6.7 0.2 7.6 
Total year 21.6 22.4 7.3 0.3 7.7 
2005
(CR,
PC) 
Winter 14.2 24.2 8.8 0.5 8.0 
Spring 22.4 17.0 7.6 0.2 7.7 
Summer 29.9 17.2 6.2 0.4 7.7 
Fall 23.3 27.0 7.9 1.1 8.1 
Total year 22.5 25.0 7.8 1.2 8.1 
2006
(PC) 
Winter 14.1 25.1 9.3 0.9 8.1 
Spring 22.9 20.5 7.5 1.0 8.0 
Summer 30.0 27.2 6.3 1.0 7.9 
Fall 22.9 27.1 8.0 2.0 8.2 
Total year 22.5 25.0 7.8 1.2 8.1 
2007
(PC) 
Winter 14.0 26.3 8.9 0.9 8.2 
Spring 22.1 25.9 7.2 0.9 7.9 
Summer 29.8 26.8 6.4 1.0 7.9 
Fall 23.2 24.9 7.6 1.1 8.1 
Total year 22.3 26.0 7.5 1.0 8.0 
2008
(PC) 
Winter 13.1 26.6 10.6 1.0 8.4 
Spring 21.8 18.8 6.5 1.0 8.2 
Summer 29.5 21.0 5.8 1.1 8.0 
Fall 22.0 26.0 7.0 1.2 8.0 
Total year 21.6 23.1 7.5 1.1 8.2 
2009
(PC) 
Winter 14.1 21.5 9.5 1.0 8.3 
Spring 22.3 12.4 7.7 0.8 8.0 
Summer 29.6 23.7 5.6 0.9 7.8 
Fall 25.2 21.0 6.6 1.2 8.0 
Total year 22.8 19.7 7.4 1.0 8.0 
2010 
(PC) 
Winter 10.4 19.9 10.7 0.5 8.3 
Spring 21.5 17.3 7.4 0.9 8.0 
Summer 30.4 19.7 4.9 1.1 7.5 
Fall 23.5 25.3 5.8 1.2 7.0 
Total year 21.5 20.6 7.2 0.9 7.7 
*These water quality data are the average values per year according to the data at monitoring sites Crooked 
Bayou (CR) [30° 21.594’N, 88° 25.140’W] or Point Aux Chenes (PC) [30° 20.916’N, 88° 25.112’W]. The 
data are available from Grand Bay Monitoring Data (GNDNERR website). Winter (Dec., Jan., Feb.); 
Spring (Mar., Apr., May); Summer (Jun., Jul., Aug.); Fall (Sep., Oct., Nov.). Data were provided by Dr. 
Mark Woodrey (GNDNERR Research Coordinator). 
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Table 5. Monitoring data (2004-2010) for brackish sites [Bayou Heron (BH) and Bayou 
Cumbest (BC)] 
Year Time Temperature 
(°C) 
Salinity 
(ppt) 
Dissolved Oxygen 
(mg/l) 
Depth 
(m) 
pH 
2004
(BH,
BC) 
Winter 13.6 12.8 8.0 0.5 7.1 
Spring 24.2 20.0 5.6 0.6 7.2 
Summer 30.1 14.7 4.2 0.6 7.0 
Fall 25.0 18.3 4.8 0.7 7.1 
Total year 23.2 16.4 5.7 0.6 7.1 
2005
(BH,
BC) 
Winter 14.7 18.6 9.0 0.4 7.7 
Spring 23.0 9.5 5.7 0.7 6.5 
Summer 30.0 10.9 3.9 0.8 6.7 
Fall 24.0 23.1 5.1 1.0 7.0 
Total year 22.9 15.5 6.0 0.7 7.0 
2006
(BH,
BC) 
Winter 15.3 19.9 7.3 0.8 7.4 
Spring 23.8 18.3 5.9 0.9 7.1 
Summer 31.0 24.5 3.9 0.9 7.0 
Fall 23.8 22.7 4.9 0.9 7.3 
Total year 23.5 21.4 5.5 0.9 7.2 
2007
(BH,
BC) 
Winter 14.8 18.8 6.6 0.8 7.4 
Spring 24.8 25.7 5.7 1.0 7.3 
Summer 30.5 23.0 2.8 1.0 7.1 
Fall 23.5 24.2 4.1 1.1 7.3 
Total year 23.4 23.0 4.8 1.0 7.3 
2008
(BH,
BC) 
Winter 13.9 17.2 6.9 0.9 7.3 
Spring 25.4 13.2 5.0 1.0 7.1 
Summer 30.0 15.8 2.7 1.0 7.0 
Fall 18.6 23.9 6.2 1.1 7.3 
Total year 21.9 17.5 5.2 1.0 7.2 
2009
(BH,
BC) 
Winter 14.2 16.1 7.2 0.9 7.3 
Spring 24.2 8.2 5.4 1.1 6.9 
Summer 29.9 19.6 2.8 1.0 7.0 
Fall 22.6 16.4 4.0 1.2 7.1 
Total year 22.8 15.1 4.9 1.1 7.1 
2010 
(BH,
BC) 
Winter 11.0 14.5 8.9 0.9 7.4 
Spring 21.8 14.6 4.8 1.0 7.1 
Summer 30.4 14.0 2.9 1.1 7.0 
Fall 24.1 22.4 4.5 0.9 7.3 
Total year 21.8 16.4 5.3 1.0 7.2 
*These water quality data are the average values per year according to the data at monitoring sites Bayou 
Heron [30° 25.068’N, 88° 24.324’W] and Bayou Cumbest [30° 23.12’N, 88° 26. 24’W]. The data are 
available from Grand Bay Monitoring Data (GNDNERR website). Winter (Dec., Jan., Feb.); Spring (Mar., 
Apr., May); Summer (Jun., Jul., Aug.); Fall (Sep., Oct., Nov.). Data were provided by Dr. Mark Woodrey 
of GNDNERR. 
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4.2 Field Measurements 
After examining topographic maps and aerial photos, two research locations were 
chosen: Graveline Bayou and Grand Bay. Both Graveline Bayou and Grand Bay sites were 
inundated by Hurricane Katrina in 2005, and no coastal marshes exist in Mississippi which 
have not been inundated by hurricanes. So four coastal transect lines and four inland transect 
lines were established in each of these two research locations based on the different 
intensities of the storm surges. Initial samples were obtained at Grand Bay National Estuarine 
Research Reserve along two coastal transects: one was at the west end of Rigolets Island 
(Transect 1) and the other was at the east end of South Rigolets Island in the north Gulf of 
Mexico (Transect 2; Figure 8). The dominant vegetation on both transects were Spartina 
alterniflora and Jucus roemerianus. Two additional inland transects were established on the 
north side of Graveline Bayou in Gautier, MS (Transects 3 and 4; Figure 8). On the latter two 
transects, the vegetation was primarily Juncus roemerianus with some Spartina alterniflora 
in low marsh zones. Transect 5 was established further inland north of Bayou Heron boat 
landing at Grand Bay National Estuarine Research Reserve (Figure 8), which was dominated 
by Juncus roemerianus. Transect 6 was at the south side of Graveline Bayou along the Gulf 
Coast (Figure 8). Transect 7 was established at the south side of Graveline Bayou along the 
Mississippi Gulf Coast east of Transect 6 (Figure 8). Both Transects 6 and 7 were located in 
coastal areas at the Graveline Bayou, which were dominated by Spartina alterniflora in low 
marsh zones and Juncus roemerianus in high marsh zones. Transect 8 was established inland 
at Orange Grove north of Point O’ Pines boat landing (Figure 8). Transect 8 was dominated 
by Juncus roemerianus. Thus, eight transect lines have been established (Figure 8). In total, 
four were on the coastal edge while four were inland along bayou creeks. There were two 
coastal transects and two inland transects at each of Graveline Bayou and Grand Bay 
sampling locations. Soil and vegetation samples were collected in both low and high marsh 
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zones on each transect. 
The hydrological and chemical data (salinity, pH, water depth) of these experimental 
sites have been obtained from monitoring stations of GNDNERR (obtained from GNDNERR 
website; Tables 4 and 5). The assumption is that similar sites at Graveline Bayou would 
exhibit similar hydrological and chemical parameters (e.g., coastal sites have higher salinity 
than inland sites). Soil samples were collected to observe and measure soil properties from 
low marsh zones (marsh edge) and at 40 m inland from wave break in high marsh zones of 
both coastal and inland marshes vegetated by Spartina alterniflora, and/ or Juncus 
roemerianus (Figures 10, 11 and 12). On each transect, ten replicate soil cores were collected 
in low marsh zones (marsh edge), and another replicate ten soil cores were collected from 
high marsh zones (40 m inland from the marsh edge). Soil cores were sampled with an 8.5 
cm diameter by 30 cm long steel corer device (Art’s Manufacturing & Supply; AMS Split 
Core Sampler). Each soil sample core was removed with a plunger from the top soil layer; 
thus, the soil sample was extracted from the bottom 5 cm of the soil core. The core samples 
were each placed in a Freezer Zip-Lock Bag, frozen, and placed in a cooler for transportation 
to the laboratory. The core samples were kept frozen until processed. 
Initial observations were made in December 2009 to characterize the experimental 
sites as to substrate composition (e.g., classification), plant height (dead and live), and plant 
growth form (Spartina alterniflora, Juncus roemerianus, and/ or Spartina patens). No 
evidence of Spartina patens was observed during any marsh visits. Both live and dead 
standing shoot heights of vegetation in each 0.25 m2 quadrat were recorded in the field. The 
percent cover occupied by each plant species in each 0.25 m2 quadrat was visually estimated 
and recorded (Holland and Burk 1990). Aboveground vegetation was clipped within a 0.25 
m
2
 quadrat (Figure 13), and rhizomes and roots of vegetation were also collected within a 
0.25 m2 quadrat to measure above- and belowground biomass from both low and high marsh 
  
30 
zones on each transect. The aboveground vegetation and rhizome samples were each placed 
in carefully labelled 30 gallon sample bags and placed in a cooler for transportation to the 
laboratory. Then, vegetation samples were refrigerated until sorted by species and measured 
for above- and belowground biomass. Voucher specimens of each species have been 
deposited in the University of Mississippi Department of Biology teaching collection. On 
each transect, elevation was also measured by a total elevation station (electronic level 
system; Autolaser 300; David White Instruments), which is a theodolite with an electronic 
distance measurement device (EDM; Anastasiou and Brooks 2003; Warren and Niering 1993) 
in open water, in low marsh zone (marsh edge), at 20 m and at 40 m from open water along 
each transect (Figure 14).  
4.3 Laboratory Analyses 
Substrate properties (e.g., phosphorus and Total Kjeldahl Nitrogen) and plant 
parameters (e.g., phosphorus and Total Kjeldahl Nitrogen) were processed by QuikChem 
Method 10-107-06-2-E (Wendt 1997) and QuikChem Method 10-115-01-1-C at the 
USDA-ARS National Sedimentation Lab in Oxford, MS (APHA standard methods 1989; 
Lachat Instrument 1995; Horneck and Miller 1998). Carbon and nitrogen analyses of soil and 
plant samples were analyzed using a Vario Max CNS instrument (Elementar 
Analysensysteme GmbH; APHA standard methods 1989) and sediment mean grain size and 
particle size distribution were analyzed by using standard methods at the USDA-ARS 
National Sedimentation Lab in Oxford, MS (HORRIBA LA-910 Particle Size Analyzer Dry 
Sample Analysis Method; Figure 15). Laboratory analyses of the soil samples to date 
included measurements of soil bulk density, of soil moisture (105°C for 24 hours) and of soil 
organic matter content by measuring the loss on ignition (LOI method; 400°C for 1 hour; 
Black 1965). The soil bulk density was measured by estimating the volume of the samples 
and measuring the loss of water in soil samples (60 °C for 48 hours; Heuscher et al 2005; 
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Center for Applied Research and Environmental Systems; CARES website 2010). The 
volume of void space in the soil sample is equal to the water mass in the fully saturated 
collected soil sample since one gm H2O is equal to one ml H2O according to the formula: 
bulk density (g/cm3) = dry mass (g) / total volume (cm3); total volume = void volume + solid 
volume; solid volume (cm3) = dry mass / 2.65 (g/cm3); void volume (ml) = wet mass- dry 
mass = water mass (g) because the exact volume of the sample is hard to measure in the 
laboratory. The solid particle density is assumed as 2.65 g/cm3 (CARES website 2010).  
Above- and belowground biomass, soil moisture, sediment bulk density and organic 
matter content were measured in the laboratory in the UM Biology Department in Oxford, 
MS. Aboveground vegetation and belowground rhizomes were sorted by species, washed and 
dried at 105°C for 24 hours (or longer) to measure above- and belowground biomass (Cronk 
and Fennessy 2001; Howes et al. 1986; Whigham and Simpson 1977); formula 1: biomass 
(g/m2) = dry weight / quadrat area. Rhizome thickness and stem diameter were also measured 
with calipers in the laboratory. Plant density was estimated by measuring stem diameter of 
different plant species in a 0.25 m2 quadrat and then translated into standard units by 
multiplying the percent cover results in each 0.25 m2 quadrat multiplied by four. The 
formulas for soil moisture and LOI are as follows (Black 1965); formula 2: soil moisture % = 
(1-dry soil weight / wet weight)×100; formula 3: LOI % = (dry weight – ash weight ) / dry 
weight×100.  
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Figure 10. Spartina alterniflora Loisel. 
(USDA plant database accessed on 
February 20, 2010). 
Figure 11. Spartina patens (Aiton) Muhl. 
(USDA plant database accessed on 
February 20, 2010). 
 
 
Figure 12. Juncus roemerianus 
Scheele. (USDA plant database 
accessed on February 20, 2010). 
Figure 13. Students Steven Nelson and Lauren 
Melissa Baskin clipping aboveground vegetation in 
a 0.25 m2 quadrat. 
 
 
 
Figure 14. The elevation laser rod 
(electronic level system, Autolaser 
300, David White Instruments). 
Figure 15. Horriba LA-910 Particle Size 
Analyzer (USDA-ARS National Sedimentation 
Lab). 
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4.4 Statistical Analyses 
The hydrological, physical and chemical data (temperature, salinity, dissolved 
oxygen, water depth, and pH) from GNDNERR meteorological or water quality monitoring 
stations provided by Dr. Mark Woodrey of GNDNERR have been summarized in four 
seasons (December, January, and February for winter; March, April, and May for spring; June, 
July, and August for summer; September, October, and November for fall) of each year from 
2004 to 2010 (Tables 4 and 5).  
Soil properties (organic matter content, moisture, sediment mean grain size, particle 
size distribution, sediment bulk density, carbon-to-nitrogen ratio, phosphorus, and Total 
Kjeldahl Nitrogen) and plant parameters (live and dead standing shoot heights, rhizome 
thickness, stem diameter, density, carbon-to-nitrogen ratio, phosphorus, and Total Kjeldahl 
Nitrogen) on eight transects summarized by “low and high marsh zones” or “coastal and 
inland marshes” or “Grand Bay and Graveline Bayou” (coastal marshes: Transects 1, 2, 6 and 
7; inland marshes: Transects 3, 4, 5 and 8; Grand Bay sites: Transects 1, 2, 5 and 8; Graveline 
Bayou sites: Transects 3, 4, 6 and 7) were used to analyze significant relationships with plant 
above- and belowground biomass by least square linear regression analyses (Zar 1984) unless 
non-linear models can explain more of the variance in the dependent variables (based on a 
higher coefficient of determination, R2).   
An analysis of variance test (ANOVA; Microsoft Office Excel 2003) was used to test 
if there were any significant differences in soil properties and plant parameters including 
plant above- and belowground biomass in low and high marsh zones between coastal and 
inland marshes or between Grand Bay and Graveline Bayou. A two-way ANOVA was also 
used to test if there were any significant differences in plant parameters in spring, summer, 
and fall in low and high marsh zones between coastal and inland marshes or between Grand 
Bay and Graveline Bayou categorized as different spatial and time variables. If ANOVA tests 
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report that a p value < 0.05, there is a significant difference in soil properties and plant 
parameters between two locations.  
Stepwise multiple regression with backward selection was then used to analyze 
relationships between multiple measures of environmental variables and plant biomass. A 
multi-source multiple regression (JMP 7.0) was performed with the dependent variables 
“plant aboveground biomass” and “plant belowground biomass” and also with the continuous 
predictors “soil properties,” “elevations,” and “physical and hydrological parameters” and 
categorical predictors “marsh positions (low and high marsh zones)” and “marsh locations 
(coastal and inland marshes; Grand Bay and Graveline Bayou)” in order to understand how 
plant above- and belowground biomass responded to the various environmental variables 
(Gotelli and Ellison 2004; McCune and Grace 2002). A fully saturated multiple regression 
model that has one response variable (plant above- and belowground biomass) contained the 
following predictor variables: soil properties (including soil moisture, sediment bulk density, 
organic matter content, sediment mean grain size, particle size distribution, 
carbon-to-nitrogen ratio, phosphorus, and Total Kjeldahl Nitrogen), elevations, hydrological 
variables (including water salinity, water dissolved oxygen and water depth). Backwards 
stepwise model selection was done by swapping variables in and out of the model and 
evaluating changes in the criterion of adjusted R2 (Gotelli and Ellison 2004; McCune and 
Grace 2002; Zar 1984). Therefore, the multiple regression analyses will test all the predictor 
variables and then choose only a few which can best explain the response variables as the 
best models. 
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CHAPTER 5 
RESULTS                                                         
5.1 Elevation and Zonation 
The zonation of South Rigolets Island (Transect 1: West coast; Transect 2: East coast) 
was shown in Figure 16 (Table 6). The low, middle and high marsh zone on Transects 1 and 2 
were all dominated by Spartina alterniflora. Bisects of North Graveline Bayou (Transect 3: 
West inland, brackish marsh; Transect 4: East inland, brackish marsh) were illustrated in 
Figure 17 (Table 6). The low, middle and high marsh zones on Transects 3 and 4 were 
dominated by Juncus roemerianus. The zonation of Bayou Heron at Grand Bay (inland, 
brackish marsh; Transect 5) was shown in Figure 17 (Table 6). All the low, middle and high 
marsh zone were dominated by Juncus roemerianus. A bisect of South Graveline Bayou 
(West coast, Transect 6) was illustrated in Figure 16 (Table 6). Spartina alterniflora was the 
dominant species in low marsh zone and Juncus roemerianus was the dominant species in 
high marsh zones. At Graveline Bayou, the marsh zone between low and middle marsh zone 
did not grow any plants because of vehicle use. 
South Graveline Bayou (East coast, Transect 7) had a zonation shown in Figure 16 
(Table 6). The low marsh zone was dominated by Spartina alterniflora and high marsh zone 
was dominated by Juncus roemerianus. The middle marsh zone did not grow any plants 
because of vehicle use. The zonation of Orange Grove at Grand Bay (inland, brackish marsh; 
Transect 8) was shown in Figure 17 (Table 6). All the low, middle, and high marsh zone were 
dominated by Juncus roemerianus. Both low and middle marsh zone were inundated by 
brackish water on Transect 8 in May 2010 but not in August or November 2010 samplings. 
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ANOVA tests showed that there was no significant difference in elevation gradients 
between coastal and inland marshes (p=0.083 > 0.05) or between Grand Bay and Graveline 
Bayou (p=0.151 > 0.05) though the elevations had a significant difference between low and 
high marsh zones (p= 0.036 < 0.05).  
5.2 Soil Properties 
5.2.1 Moisture 
The average soil moisture was compared for low marsh zones, high marsh zones, 
coastal marshes, inland marshes, Grand Bay and Graveline Bayou (Figure 18; Table 6).  
5.2.2 Organic Matter Content 
The average soil organic matter content was compared for low marsh zones, high 
marsh zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou. The average 
soil organic matter content in coastal marshes was significantly lower than that in inland 
marshes (p=8.556 E-06 < 0.05; Figure 19; Table 6).  
 
 
Figure 16. Profile diagrams (bisect) which showed the zonation of salt marshes (Transects 
1, 2, 6 and 7) [elevation gradients: std.dev. =0.288]. 
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Figure 17. Profile diagrams (bisect) which showed the zonation of brackish marshes 
(Transects 3, 4, 5 and 8) [elevation gradients: std.dev. =0.252]. 
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Figure 18. Average soil moisture compared for low marsh zones, high marsh zones, 
coastal marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, n=120). 
 
5.2.3 Bulk Density 
The average soil bulk density was compared for low marsh zones, high marsh zones, 
coastal marshes, inland marshes, Grand Bay and Graveline Bayou. The average soil bulk 
density in coastal marshes was significantly higher than that in inland marshes (p=3.403 E 
-04 < 0.05; Figure 20; Table 6).  
  
38 
Table 6. ANOVA test results of significant difference in soil properties 
Soil properties Low vs. high 
marsh zones 
Coastal vs. inland 
marshes 
Grand Bay vs. 
Graveline Bayou 
Moisture No (p> 0.05) 
p= 0.71 
No (p> 0.05) 
p= 0.253 
No (p> 0.05) 
p= 0.286 
Organic matter No (p> 0.05) 
p= 0.396 
Yes (p< 0.05) 
p= 8.556 E -06 
No (p> 0.05) 
p= 0.277 
Bulk density No (p> 0.05) 
p= 0.46 
Yes (p< 0.05) 
p= 3.403 E -04 
No (p> 0.05) 
p= 0.137 
Mean grain size No (p> 0.05) 
p= 0.928 
Yes (p< 0.05) 
p= 3.2 E-05 
No (p> 0.05) 
p= 0.15 
Clay 
percentage 
No (p> 0.05) 
p= 0.954 
Yes (p< 0.05) 
p= 2 E-09 
No (p> 0.05) 
p= 0.9 
Sand 
percentage 
No (p> 0.05) 
p= 0.713 
Yes (p< 0.05) 
p= 5.92 E-14 
Yes (p< 0.05) 
p= 1.3 E-03 
Silt percentage No (p> 0.05) 
p= 0.685 
Yes (p< 0.05) 
p= 3.674 E-11 
Yes (p< 0.05) 
p= 4.9 E-04 
TKN No (p> 0.05) 
p= 0.354 
No (p> 0.05) 
p= 0.075 
No (p> 0.05) 
p= 0.695 
TP No (p> 0.05) 
p= 0.319 
No (p> 0.05) 
p= 0.397 
No (p> 0.05) 
p= 0.831 
C:N No (p> 0.05) 
p= 0.909 
No (p> 0.05) 
p= 0.144 
No (p> 0.05) 
p= 0.172 
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Figure 19. Average soil organic matter content compared for low marsh zones, high marsh 
zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, n=120). 
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Figure 20. Average soil bulk density compared for low marsh zones, high marsh zones, 
coastal marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, n=120). 
 
5.2.4 Mean Grain Size 
The sediment mean grain size was compared for low mash zones, high marsh zones, 
coastal marshes, inland marshes, Grand Bay and Graveline Bayou. The sediment mean grain 
size in coastal marshes was significantly higher than that in inland marshes (p=3.2 E-05 < 
0.05; Figure 21; Table 6). 
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Figure 21. Sediment mean grain size compared for low marsh zones, high marsh zones, 
coastal marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, n=120). 
 
5.2.5 Sand, Clay and Silt Percentages 
The soil sand, clay and silt percentages were compared for low marsh zones, high 
marsh zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou (Figure 22; 
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Table 6). There was a significant difference in the soil sand (p=5.92 E-14 < 0.05), silt 
(p=3.674 E-11 <0.05) and clay (p=2 E-09 < 0.05) percentages between coastal and inland 
marshes. The soil sand percentage (p=1.3 E-03< 0.05) at Grand Bay was significantly higher 
than that at Graveline Bayou, and soil silt percentage (p=4.9 E-04 <0.05) at Grand Bay was 
significantly lower than that at Graveline Bayou (Figure 22; Table 6).  
 
 
 
Figure 22. Soil sand, clay and silt percentages compared for low marsh zones, high marsh 
zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou.  
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5.3 Plant Parameters 
5.3.1 Percent Cover 
As in other marsh studies (Holland and Burk 1990), plant percent cover is used here 
to represent plant density. The low and high marsh zones for both Transects 1 and 2 were 
dominated by Spartina alterniflora. The low marsh zone for Transect 1 had an average plant 
cover of 56.67 % Spartina alterniflora and 43.33 % open space. The high marsh zone for 
Transect 1 was on average occupied by 86.67 % Spartina alterniflora and 13.33 % open 
space. The low marsh zone for Transect 2 was occupied by 70 % Spartina alterniflora and 
30 % open space. The high marsh zone for Transect 2 was occupied by 73.33 % Spartina 
alterniflora and 26.67 % open space. The low marsh zone for Transect 6 was occupied by 
80 % Spartina alterniflora and 20 % open space. The high marsh zone for Transect 6 was 
occupied by 55 % Juncus roemerianus, 10 % Spartina alterniflora, 5 % Distichlis spicata 
and 30 % open space. The low marsh zone for Transect 7 had an average plant cover of 
43.33 % Spartina alterniflora and 56.67 % open space. The high marsh zone for Transect 7 
was occupied by 28.33 % Cladium mariscus, 31.67 % Scirpus robustus, 5 % Juncus 
roemerianus and 35 % open space. The low marsh zones combined on these four coastal 
transects (Transects 1, 2, 6 and 7) had an average of 62.50 % plant cover, and high marsh 
zones had an average of 73.75 % plant cover. When data for low and high marsh zones were 
pooled on these four coastal transects, coastal transects had an average of 68.13 % plant 
cover.   
The low and high marsh zones for the four inland transects (Transects 3, 4, 5, and 8) 
were all dominated by Juncus roemerianus. The low marsh zone for Transect 3 was occupied 
by 56.67 % Juncus roemerianus and 10.33 % Spartina alterniflora, and 33 % open space. 
The high marsh zone for Transect 3 was occupied by 90 % Juncus roemerianus, 3.33 % 
Spartina alterniflora and 6.67 % open space. The low marsh zone for Transect 4 was 
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occupied by 74.67 % Juncus roemerianus, 1 % Spartina alterniflora and 24.33 % open space. 
The high marsh zone for Transect 4 was occupied by 33.67 % Juncus roemerianus and 
66.33 % open space. The low marsh zone for Transect 5 was occupied by 80.67 % Juncus 
roemerianus, 5 % Cladium mariscus, 3 % Rumex verticillatus and 11.33 % open space. The 
high mash zone for Transect 5 was occupied by 89 % Juncus roemerianus, 5 % Distichlis 
spicata and 6 % open space. The low marsh zone for Transect 8 was occupied by 100 % 
Juncus roemerianus. The high marsh zone for Transect 8 was occupied by 45 % Juncus 
roemerianus, 25 % Distichlis spicata, 15 % Cladium mariscus and 15 % open space. The low 
marsh zones combined on these four inland transects had an average of 82.84 % plant cover 
and high marsh zones had an average of 76.50 % plant cover. When data for low and high 
marsh zones were pooled on these four inland transects, inland transects had an average of 
79.67 % plant cover.  
The average plant percent cover was compared for low marsh zones, high marsh 
zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou. The average plant 
percent cover had a significant difference between low and high marsh zones (p = 0.0157 < 
0.05) and between coastal and inland transects (p = 0.0432 <0.05; Figure 23; Table 7).  
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Figure 23. Average percent cover (space occupied) compared for low marsh zones, high 
marsh zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, 
n=32). 
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Table 7. ANOVA test results of significant difference in plant parameters 
Plant parameters Low vs. high 
marsh zones 
Coastal vs. 
inland marshes 
Grand Bay vs. 
Graveline Bayou 
Percent cover Yes (p< 0.05) 
p= 0.016 
Yes (p< 0.05) 
p= 0.043 
No (p> 0.05) 
p= 0.118 
Height  Yes (p< 0.05) 
p= 2.25 E-07 
Yes (p< 0.05) 
p= 1.39 E-10 
Yes (p< 0.05) 
p= 8.74 E-15 
Rhizome thickness No (p> 0.05) 
p= 0.094 
Yes (p< 0.05) 
p= 0.0101 
No (p> 0.05) 
p= 0.23 
Stem diameter Yes (p< 0.05) 
p= 5.07 E-04 
Yes (p< 0.05) 
p= 1.41 E-05 
Yes (p< 0.05) 
p= 0.044 
Stem density Yes (p< 0.05) 
p= 2.75 E-05 
Yes (p< 0.05) 
p= 7.3 E-15 
No (p> 0.05) 
p= 0.352 
Aboveground biomass No (p> 0.05) 
p= 0.0866 
No (p> 0.05) 
p= 0.0521 
No (p> 0.05) 
p= 0.936 
Belowground biomass No (p> 0.05) 
p= 0.916 
No (p> 0.05) 
p= 0.629 
Yes (p< 0.05) 
p= 3.79 E-04 
Aboveground TKN No (p> 0.05) 
p= 0.128 
No (p> 0.05) 
p= 0.550 
No (p> 0.05) 
p= 0.243 
Belowground TKN No (p> 0.05) 
p= 0.604 
Yes (p< 0.05) 
p= 0.012 
No (p> 0.05) 
p= 0.076 
Aboveground TP No (p> 0.05) 
p= 0.339 
Yes (p< 0.05) 
p= 0.040 
Yes (p< 0.05) 
p= 0.043 
Belowground TP No (p> 0.05) 
p= 0.714 
No (p> 0.05) 
p= 0.146 
Yes (p< 0.05) 
p= 0.024 
Aboveground C:N No (p> 0.05) 
p= 0.627 
No (p> 0.05) 
p= 0.539 
No (p> 0.05) 
p= 0.172 
Belowground C:N No (p> 0.05) 
p= 0.232 
No (p> 0.05) 
p= 0.14 
No (p> 0.05) 
p= 0.1 
 
5.3.2 Vegetation Heights 
The results on eight transects combined into low and high marsh zones (Figure 24) 
showed that live standing shoot heights of Spartina alterniflora ranged from 0.45 m to 1.4 m, 
and the average live standing shoot heights were 0.93 m in low marsh zones. The dead 
standing shoot heights of Spartina alterniflora ranged from 0.3 m to 0.75 m, and the average 
dead standing shoot heights were 0.53 m in low marsh zones. In low marsh zones, live 
standing shoot heights of Juncus roemerianus ranged from 0.78 m to 1.45 m, and the average 
live standing shoot heights were 1.25 m. The dead standing shoot heights of Juncus 
roemerianus ranged from 0.67 m to 1.52 m, and the average dead standing shoot heights were 
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1.14 m in low marsh zones.  
In high marsh zones, live standing shoot heights of Spartina alterniflora ranged from 
0.78 m to 2.30 m, and the average live standing shoot heights were 1.01 m. The dead stand 
shoot heights of Spartina alterniflora ranged from 0.83 m to 1.45 m, and the average dead 
standing shoot heights were 1.03 m in high marsh zones. The live standing shoot heights of 
Juncus roemerianus ranged from 1.4 m to 2.3 m, and the average live standing shoot heights 
were 1.30 m in high marsh zones. The dead standing shoot heights of Juncus roemerianus 
ranged from 0.8 m to 1.75 m, and the average dead standing shoot heights were 1.07 m in 
high marsh zones. ANOVA tests showed that average live standing shoot heights of Spartina 
alterniflora in low marsh zones were significantly lower than those in high marsh zones 
(p=2.25 E-07 < 0.05; Figure 24; Table 7). 
Compared for low and high marsh zones on eight transects in different sampling 
seasons, the results (Figure 25) showed that average live (p=2.2 E-04 < 0.05) and dead 
(p=1.71 E-07 < 0.05) standing shoot heights of Juncus roemerianus were lowest in summer 
in low marsh zones. However, in high marsh zones, average standing shoot heights of both 
Spartina alterniflora and Juncus roemerianus were lowest in fall. ANOVA showed that there 
was a significant difference in the average standing shoot heights of live (p=6.75 E-08 < 0.05) 
and dead Juncus roemerianus (p=0.02 < 0.05) in high marsh zones over spring, summer and 
fall. However, the average standing shoot heights of live (p=2.86 E-04 < 0.05) and dead 
(p=4.14 E-03 < 0.05) Spartina alterniflora in high marsh zones differed significantly from 
summer to fall. 
The results combined into coastal and inland marshes (Figure 26) showed that live 
standing shoot heights of Spartina alterniflora ranged from 0.45 m to 1.4 m, and the average 
live standing shoot heights were 0.97 m in coastal marshes. The dead standing shoot heights 
of Spartina alterniflora ranged from 0.3 m to 1.45 m, and the average dead standing shoot 
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heights were 0.85 m in coastal marshes. The live standing shoot heights of Juncus 
roemerianus ranged from 0.78 m to 2.3 m, and the average live standing shoot heights were 
1.28 m in inland marshes. The dead standing shoot heights of Juncus roemerianus ranged 
from 0.67 m to 1.75 m, and the average dead standing shoot heights were 1.13 m in inland 
marshes. The average live standing shoot heights of Spartina alterniflora were significantly 
lower than those of Juncus roemerianus (p=1.39 E-10 < 0.05; Table 7). The average dead 
standing shoot heights of Spartina alterniflora were significantly lower than those of Juncus 
roemerianus (p=2.61 E-06 < 0.05; Table 7), as well. Compared for coastal and inland marshes 
in different sampling seasons, the results (Figure 27) showed that average dead standing 
shoot heights of Juncus roemerianus were significantly lowest in fall in inland marshes  
(p=3.33 E-04 < 0.05). The average standing shoot heights of live Spartina alterniflora in 
coastal marshes was significantly lowest in spring (p= 8.27 E-05 < 0.05) and the average 
dead standing shoot heights of Spartina alterniflora in coastal marshes was significantly 
lowest in spring (p= 3.1 E-08 < 0.05). 
The results combined into Grand Bay and Graveline Bayou (Figure 28) showed that 
live standing shoot heights of Spartina alterniflora ranged from 0.32 m to 1.32 m, and the 
average live standing shoot heights were 0.84 m at Grand Bay. The dead standing shoot 
heights of Spartina alterniflora ranged from 0.3 m to 1.45 m, and the average dead standing 
shoot heights were 0.86 m at Grand Bay. The live standing shoot heights of Juncus 
roemerianus ranged from 0.76 m to 2.3 m, and the average live standing shoot heights were 
1.28 m at Grand Bay. The dead standing shoot heights of Juncus roemerianus ranged from 
0.65 m to 1.75 m, and the average dead standing shoot heights were 1.12 m at Grand Bay. 
The live standing shoot heights of Spartina alterniflora ranged from 0.72 m to 1.62 m, and 
the average live standing shoot heights were 1.22 m at Graveline Bayou. The dead standing 
shoot heights of Spartina alterniflora ranged from 0.7 m to 0.88 m, and the average dead 
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standing shoot heights were 0.79 m at Graveline Bayou. The live standing shoot heights of 
Juncus roemerianus ranged from 1.1 m to 1.4 m, and the average live standing shoot heights 
were 1.21 m at Graveline Bayou. The dead standing shoot heights of Juncus roemerianus 
ranged from 0.98 m to 1.45 m, and the average dead standing shoot heights were 1.11 m at 
Graveline Bayou. Dead Spartina alterniflora at Grand Bay had significantly higher standing 
shoot heights (p=4.44 E-07 < 0.05) than those at Graveline Bayou but the average live 
standing shoot heights of Spartina alterniflora were significantly higher at Graveline Bayou 
(p=8.74 E-15 < 0.05; Table 7).  
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Figure 24. Spartina alterniflora and Juncus roemerianus mean standing shoot heights 
compared for low and high marsh zones (±SE, n=280). 
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Figure 25. Comparison of mean live and dead standing shoot heights of dominant plants 
of low and high marsh zones on eight transects in different sampling seasons (±SE, 
n=280). 
  
47 
 
Figure 26. Spartina alterniflora and Juncus roemerianus mean standing shoot heights 
compared for coastal and inland marshes (±SE, n=280). 
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Figure 27. Comparison of mean live and dead standing shoot heights of dominant plants 
of coastal and inland marshes in different sampling seasons (±SE, n=280).  
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Figure 28. Spartina alterniflora and Juncus roemerianus mean standing shoot heights 
compared for Grand Bay and Graveline Bayou (±SE, n=280). 
 
5.3.3 Rhizome Thickness and Stem Diameter 
When data on eight transects were combined into low and high marsh zones, the 
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results (Figure 29) showed that mean rhizome thickness of both Spartina alterniflora 
(p=0.094 > 0.05) and Juncus roemerianus (p= 0.633 > 0.05) in low marsh zones did not differ 
significantly from those in high marsh zones (p> 0.05). When data were combined into 
coastal and inland marshes, the results (Figure 30) showed the mean rhizome of Juncus 
roemerianus in inland marshes was significantly thicker than that of Spartina alterniflora in 
coastal marshes (p= 0.0101 < 0.05; Table 7). 
Compared for low and high marsh zones on eight transects in different sampling 
seasons, the results (Figure 31) showed that mean rhizome thickness of Juncus roemerianus 
was significantly thickest in spring in both low (p=0.01< 0.05) and high marsh zones (p=3.72 
E-03 < 0.05). Compared for coastal and inland marshes in different sampling seasons, the 
results (Figure 32) showed that mean rhizome thickness of Spartina alterniflora in coastal 
marshes (p=0.048 < 0.05) and Juncus roemerianus in inland marshes (p=8.2 E-10 < 0.05) 
were thickest in spring and thinnest in fall. Compared for Grand Bay and Graveline Bayou 
sites, the results (Figure 33) showed that there was no significant difference in mean rhizome 
thickness of Spartina alterniflora (p=0.230 > 0.05) or of Juncus roemerianus between Grand 
Bay and Graveline Bayou (p= 0.520 > 0.05; Table 7). 
The mean stem diameters of Spartina alterniflora in low marsh zones were 
significantly lower than those in high marsh zones (p=5.07 E-04 < 0.05; Figure 34; Table 7). 
The mean stem diameters combined into coastal and inland marshes showed that mean stem 
diameters of Spartina alterniflora in coastal marshes differed significantly from those of 
Juncus roemerianus in inland marshes (p=1.41 E-05 < 0.05; Figure 35; Table 7). When data 
were combined into Grand Bay and Graveline Bayou, the results (Figure 36) showed that 
mean stem diameters of Juncus roemerianus at Grand Bay were significantly lower than 
those at Graveline Bayou (p=0.044 < 0.05; Table 7).  
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Figure 29. Mean rhizome thickness of Spartina alterniflora and Juncus roemerianus 
compared for low and high marsh zones (±SE, n=102). 
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Figure 30. Mean rhizome thickness of Spartina alterniflora and Juncus roemerianus 
compared for coastal and inland marshes (±SE, n=102). 
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Figure 31. Spartina alterniflora and Juncus roemerianus mean rhizome thickness 
compared for low and high marsh zones in different sampling seasons (±SE, n=102). 
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Figure 32. Spartina alterniflora and Juncus roemerianus mean rhizome thickness 
compared for coastal and inland marshes in different sampling seasons (±SE, n=102). 
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Figure 33. Spartina alterniflora and Juncus roemerianus mean rhizome thickness 
compared for Grand Bay and Graveline Bayou (±SE, n=102). 
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Figure 34. Mean stem diameters of Spartina alterniflora and Juncus roemerianus 
compared for low and high marsh zones (±SE, n=66). 
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Figure 35. Mean stem diameters of Spartina alterniflora and Juncus roemerianus 
compared for coastal and inland marshes (±SE, n=66). 
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Figure 36. Mean stem diameters of Spartina alterniflora and Juncus roemerianus 
compared for Grand Bay and Graveline Bayou (±SE, n=66). 
 
5.3.4 Stem Density 
The results compared for low mash zones, high marsh zones, coastal marshes, inland 
marshes, Grand Bay and Graveline Bayou (Figure 37) showed that average plant stem density 
in low marsh zones was significantly lower than that in high marsh zones (p=2.75 E-05 < 
0.05). The average plant stem density in coastal marshes was significantly lower than that in 
inland marshes (p= 7.3 E-15 <0.05; Figure 37; Table 7).  
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Figure 37. Average plant density compared for low marsh zones, high marsh zones, coastal 
marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, n=66). 
 
5.3.5 Above- and Belowground Biomass 
When the results on eight transects were combined into low and high marsh zones, 
ANOVA showed that there was no significant difference in aboveground (p= 0.0866 > 0.05) 
and belowground biomass between low and high marsh zones (p= 0.916 > 0.05; Figure 38; 
Table 7). The results compared for low and high marsh zones in different sampling seasons 
(Figures 39 and 40) showed that average aboveground biomass in high marsh zones was 
significantly lowest in fall (p=3.25 E-05 < 0.05; Table 7). However, the average belowground 
biomass in both low (p=1.64 E-04 <0.05) and high marsh zones (p=2.74 E-08 <0.05; Table 7) 
was lowest in spring.  
When data were combined into coastal and inland marshes, the results showed that 
there was no significant difference in either aboveground (p= 0.0521> 0.05) or belowground 
biomass between coastal and inland marshes (p=0.629 > 0.05; Figure 41). The results 
compared for coastal and inland marshes in different sampling seasons (Figures 42 and 43) 
showed that average aboveground biomass in inland marshes was lowest in fall and highest in 
summer (p=5.78 E-03 < 0.05). The average aboveground biomass in coastal marshes was 
lowest in spring and highest in summer (p=6.24 E-03 < 0.05). The average belowground 
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biomass in both coastal (p=1.25 E-06 < 0.05) and inland marshes (p=1.5 E-13 < 0.05) was 
lowest in spring.  
When data on eight transects were combined into low and high marsh zones between 
coastal and inland marshes, the results showed that aboveground biomass in high marsh 
zones differed significantly between coastal and inland marsh sites (p=1.6 E-04 < 0.05; 
Figures 44 and 45; Table 8). There was also a significant difference in aboveground biomass 
between low and high marsh zones within coastal marsh sites (p=2.1 E-03 < 0.05). When 
data were combined into Grand Bay and Graveline Bayou, the results (Figure 46) showed 
that belowground biomass at Grand Bay was significantly higher than that at Graveline 
Bayou (p=3.79 E-04 < 0.05).  
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Figure 38. Mean above- and belowground biomass compared for low and high marsh 
zones (±SE, n=150). 
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Figure 39. Mean aboveground biomass compared for low and high marsh zones in 
different sampling seasons (±SE, n=150). 
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Figure 40. Mean belowground biomass compared for low and high marsh zones in 
different sampling seasons (±SE, n=150). 
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Figure 41. Mean above- and belowground biomass compared for coastal and inland 
marshes (±SE, n=150). 
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Figure 42. Mean aboveground biomass compared for coastal and inland marshes in 
different sampling seasons (±SE, n=150). 
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Figure 43. Mean belowground biomass compared for coastal and inland marshes in 
different sampling seasons (±SE, n=150). 
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Figure 44. Mean aboveground biomass compared for low and high marsh zones 
between coastal and inland marshes (±SE, n=150). 
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Figure 45. Mean belowground biomass compared for low and high marsh zones 
between coastal and inland marshes (±SE, n=150). 
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Figure 46. Mean above- and belowground biomass compared for Grand Bay and 
Graveline Bayou (±SE, n=150). 
 
Table 8. ANOVA test results of significant difference in plant above- and belowground 
biomass 
Biomass Coastal marshes Inland marshes 
Low vs. high marsh zones  Low vs. high marsh zones 
Aboveground biomass Yes (p< 0.05) 
p= 2.1 E-03 
No (p> 0.05) 
p= 0.527 
Belowground biomass No (p> 0.05) 
p= 0.784 
No (p> 0.05) 
p= 0.843 
 Low marsh zones High marsh zones 
Coastal vs. inland marshes Coastal vs. inland marshes 
Aboveground biomass No (p> 0.05) 
p= 0.0696 
Yes (p< 0.05) 
p= 1.6 E-04 
Belowground biomass No (p> 0.05) 
p= 0.601 
No (p> 0.05) 
p= 0.836 
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5.4 Nitrogen (N), Phosphorus (TP) and Carbon-to-Nitrogen Ratio  
Soil carbon-to-nitrogen ratio was compared for low marsh zones, high marsh zones, 
coastal marshes, inland marshes, Grand Bay and Graveline Bayou (Figure 47; Table 6). The 
average soil carbon-to-nitrogen ratio in low marsh zones was 22.28 (C:N=557:25) and 
average soil carbon-to-nitrogen ratio in high marsh zones was 21.88 (C:N=547:25). The 
average soil carbon-to-nitrogen ratio in coastal marshes was 19.62 (C:N=981:50) and average 
soil carbon-to-nitrogen ratio in inland marshes was 24.54 (C:N=1227:50). The average soil 
carbon-to-nitrogen ratio at Grand Bay was 23.54 (C:N=1177:50) and average soil 
carbon-to-nitrogen ratio at Graveline Bayou was 20.63 (C:N=2063:100). 
When plant carbon-to-nitrogen ratio was compared for low marsh zones, high marsh 
zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou, there was no 
significant difference in plant above- and belowground carbon-to-nitrogen ratio between low 
and high marsh zones or between coastal and inland marshes or between Grand Bay and 
Graveline Bayou (Figures 48, 49 and 50; Table 7).  
When data were compared for different sampling seasons, the plant aboveground 
carbon-to-nitrogen ratio in summer was significantly lower than that in fall in low marsh 
zones (p= 2.31 E-04 < 0.05; Figure 51). The results compared for coastal and inland marshes 
in different sampling seasons showed that plant aboveground carbon-to-nitrogen ratio in 
summer was significantly lower than that in fall in coastal marshes (p=3.49 E-08 < 0.05) and 
plant aboveground carbon-to-nitrogen ratio in summer was significantly higher than that in 
fall in inland marshes (p=9.267 E-03 < 0.05; Figure 52). The results compared for Grand Bay 
and Graveline Bayou in different sampling seasons showed that plant aboveground 
carbon-to-nitrogen ratio in summer was significantly lower than that in fall at Graveline 
Bayou (p=9.38 E-06 < 0.05) and plant belowground carbon-to-nitrogen ratio in summer was 
significantly lower than that in fall at Graveline Bayou (p=4.46 E-03 < 0.05; Figure 53). 
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When soil Total Kjeldahl Nitrogen (TKN) was compared for low marsh zones, high 
marsh zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou, there was no 
significant difference in soil TKN between low and high marsh zones or between coastal and 
inland marshes or between Grand Bay and Graveline Bayou (Figure 54; Table 6). When plant 
above- and belowground TKN was compared for low marsh zones, high marsh zones, coastal 
marshes, inland marshes, Grand Bay and Graveline Bayou, plant belowground TKN in 
coastal marshes was significantly lower than that in inland marshes (p= 0.012 < 0.05; Figure 
55; Table 7). When data were compared for plant above- and belowground TKN, there was 
no significant difference in plant TKN between above- and belowground parts at these 
sampling sites (Figure 55). When data were compared for different sampling seasons (Figures 
56, 57 and 58), plant belowground TKN in summer was significantly higher than that in fall 
at Graveline Bayou (p=0.007 < 0.05; Figure 58).  
There was no significant difference in soil TP between low and high marsh zones or 
between coastal and inland marshes or between Grand Bay and Graveline Bayou (Figure 59; 
Table 6). When plant above- and belowground TP was compared for low marsh zones, high 
marsh zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou, plant 
aboveground TP in coastal marshes was significantly higher than that in inland marshes (p= 
0.04 < 0.05) and plant aboveground TP at Grand Bay was significantly higher than that at 
Graveline Bayou (p= 0.043 < 0.05; Figure 60; Table 7). The results showed that plant 
belowground TP at Grand Bay was significantly lower than that at Graveline Bayou (p= 
0.024 < 0.05; Figure 60; Table 7). When data were compared for plant above- and 
belowground TP, there was a significant difference in plant TP in coastal marshes (p= 0.040 < 
0.05), at Grand Bay (p= 0.038 < 0.05) and Graveline Bayou (p= 0.035 < 0.05) between 
above- and belowground parts (Figure 60). When data were compared for different sampling 
seasons (Figures 61, 62 and 63), the results showed that plant aboveground TP in summer 
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was significantly higher than that in fall in high marsh zones (p= 0.030 < 0.05; Figure 61). In 
coastal marshes with low and high marsh zones combined, plant aboveground TP in summer 
was significantly higher than that in fall (p= 0.029 < 0.05; Figure 62). 
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Figure 47. Soil carbon-to-nitrogen ratio compared for low marsh zones, high marsh 
zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, n=32). 
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Figure 48. Plant above- and belowground carbon-to-nitrogen ratio compared for low and 
high marsh zones (±SE, n=64). 
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Figure 49. Plant above- and belowground carbon-to-nitrogen ratio compared for coastal 
and inland marshes (±SE, n=64). 
  
60 
0
10
20
30
40
50
60
70
Grand Bay Graveline Bayou Grand Bay Graveline Bayou
Aboveground Belowground
P
la
n
t 
C
:N
 
Figure 50. Plant above- and belowground carbon-to-nitrogen ratio compared for Grand 
Bay and Graveline Bayou (±SE, n=64). 
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Figure 51. Plant above- and belowground carbon-to-nitrogen ratio compared for low and 
high marsh zones in different sampling seasons (±SE, n=64). 
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Figure 52. Plant above- and belowground carbon-to-nitrogen ratio compared for coastal 
and inland marshes in different sampling seasons (±SE, n=64). 
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Figure 53. Plant above- and belowground carbon-to-nitrogen ratio compared for Grand 
Bay and Graveline Bayou in different sampling seasons (±SE, n=64). 
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Figure 54. Soil Total Kjeldahl Nitrogen compared for low marsh zones, high marsh 
zones, coastal marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, n=32). 
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Figure 55. Plant above- and belowground Total Kjeldahl Nitrogen compared for low 
marsh zones, high marsh zones, coastal marshes, inland marshes, Grand Bay and 
Graveline Bayou (±SE, n=64). 
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Figure 56. Plant above- and belowground Total Kjeldahl Nitrogen compared for low and 
high marsh zones in different sampling seasons (±SE, n=64). 
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Figure 57. Plant above- and belowground Total Kjeldahl Nitrogen compared for coastal 
and inland marshes in different sampling seasons (±SE, n=64). 
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Figure 58. Plant above- and belowground Total Kjeldahl Nitrogen compared for Grand 
Bay and Graveline Bayou in different sampling seasons (±SE, n=64). 
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Figure 59. Soil total phosphorus compared for low marsh zones, high marsh zones, 
coastal marshes, inland marshes, Grand Bay and Graveline Bayou (±SE, n=32). 
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Figure 60. Plant above- and belowground total phosphorus compared for low and high 
marsh zones (±SE, n=64). 
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Figure 61. Plant above- and belowground total phosphorus compared for low and high 
marsh zones in different sampling seasons (±SE, n=64). 
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Figure 62. Plant above- and belowground total phosphorus compared for coastal and 
inland marshes in different sampling seasons (±SE, n=64). 
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Figure 63. Plant above- and belowground total phosphorus compared for Grand Bay and 
Graveline Bayou in different sampling seasons (±SE, n=64). 
 
5.5 Regression Relationships 
Linear regression analyses were run when data on eight transects were combined 
into low and high marsh zones or coastal and inland marshes or Grand Bay and Graveline 
Bayou, the plant above- and belowground biomass as the dependent variables and 
environmental variables including soil properties, hydrological and physical variables and 
elevation data as the independent variables categorized by low and high marsh zones or 
coastal and inland marshes or Grand Bay and Graveline Bayou (Tables 9, 10 and 11).  
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5.5.1 Comparison of Low and High Marsh Zones 
Linear regression analyses were run when data on eight transects were combined 
into low and high marsh zones, and the results showed that plant belowground biomass was 
negatively related to soil TKN in high marsh zones (R2= 0.32, p< 0.05; Figure 64). 
A multiple regression was run wherein the predictor variables were categorized by 
low and high marsh zones. The results showed that plant aboveground biomass in low marsh 
zones cannot be explained well when soil properties and elevations were included as the 
predictor variables (Table 9). In high marsh zones, the results showed that plant aboveground 
biomass was best explained when soil moisture, organic matter, sediment mean grain size, 
soil sand, silt, and clay percentages, bulk density, soil carbon-to-nitrogen ratio, soil TKN, TP 
and elevations were included as the predictor variables (R2= 0.54, R2 Adj.=0.24; Table 9). In 
addition, the results showed that aboveground biomass in high marsh zones was strongly 
negatively correlated to soil bulk density and positively correlated to soil carbon-to-nitrogen 
ratio (p< 0.05, R2= 0.54, R2 Adj.=0.24; Table 9). 
For belowground biomass in low and high marsh zones, a multiple regression 
showed that plant belowground biomass in low marsh zones was best explained when soil 
sand and silt percentages were included as the predictor variables (R2= 0.22, R2 Adj.=0.16; 
Table 9). Moreover, soil sand and silt percentages in low marsh zones were significantly 
negatively correlated to plant belowground biomass (p< 0.05, R2= 0.22, R2 Adj.=0.16; Table 
9). In high marsh zones, results showed that plant belowground biomass was best explained 
when soil moisture, organic matter, sediment mean grain size, soil sand, silt, and clay 
percentages, bulk density, soil carbon-to-nitrogen ratio, soil TKN, TP and elevations were 
included as the predictor variables (R2= 0.37, R2 Adj.= -0.040; Table 9).  
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Figure 64. Results of linear regression showed that plant belowground biomass in high 
marsh zones was negatively related to soil Total Kjeldahl Nitrogen (n=10). 
 
 
 
Table 9. Summary of stepwise multiple regression analyses between plant above- and 
belowground biomass and environmental parameters in low and high marsh zones 
A/B coefficient variables Aboveground biomass Belowground biomass 
Low marsh High marsh Low marsh High marsh 
Intercept 969.86 -1.12e7 35203.60 -7.86e7 
Soil moisture  -6.03  -26.21 
Soil organic matter  -7.51  296.34 
Mean grain size  -0.80  -19.74 
Soil %sand  97772.67 
-283.48* 684200.28 
Soil %slit  97751.63 
-344.51* 684064.96 
Soil %clay  97746.01  683977.36 
Soil bulk density  
-1941.36*  -4678.56 
Soil C:N  38.57*  47.33 
Soil TKN  -3.79  -68.21 
Soil TP  -58.49  -142.15 
Elevation  2738297.13  19161740.1 
R2 Adj. 0 0.24 0.16 -0.04 
Only parameter estimates retained in the model are given. * p< 0.05. n=25 
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Figure 65. Results of linear regression showed that plant above- and belowground biomass 
in inland low marsh zones was positively related to Juncus roemerianus live standing 
shoot heights (n=25). 
 
Linear regression analyses showed that plant aboveground biomass in inland low 
marsh zones was positively related to Juncus roemerianus live standing shoot heights 
(R2=0.20, p< 0.001; Figure 65). The aboveground biomass in low marsh zones increased as 
Juncus roemerianus live standing shoot heights increased. The belowground biomass in low 
marsh zones was also positively related to Juncus roemerianus live standing shoot heights 
(R2=0.47, p< 0.001; Figure 65). Thus, plant belowground biomass in low marsh zones 
increased as Juncus roemerianus live standing shoot heights increased.  
Linear regression analyses showed that aboveground biomass in inland high marsh 
zones was negatively related to Juncus roemerianus live standing shoot heights (R2=0.26, p< 
0.05) and aboveground biomass in coastal high marsh zones was negatively related to 
Spartina alterniflora aboveground carbon-to-nitrogen ratio (R2=0.24, p< 0.05; Figure 66). 
The aboveground biomass in high marsh zones decreased as Juncus roemerianus live 
standing shoot heights increased and Spartina alterniflora aboveground carbon-to-nitrogen 
ratio increased. The aboveground biomass in coastal high marsh zones was positively related 
to Spartina alterniflora rhizome thickness (R2=0.42, p< 0.05; Figure 66). The aboveground 
biomass in high marsh zones increased as Spartina alterniflora rhizome thickness increased. 
In addition, belowground biomass was negatively related to Juncus roemerianus live standing 
  
68 
shoot heights (R2=0.40, p< 0.001) in inland high marsh zones and positively related to 
Spartina alterniflora rhizome thickness (R2=0.35, p< 0.05; Figure 66) in coastal high marsh 
zones. Thus, belowground biomass decreased as Juncus roemerianus live standing shoot 
heights increased in inland high marsh zones and Spartina alterniflora rhizome thickness 
decreased in coastal high marsh zones.  
5.5.2 Comparison of Coastal and Inland Marshes 
When data were combined into coastal and inland marshes, the results showed that 
plant aboveground biomass was positively related to fine sediment mean grain size (R2=0.60, 
p<0.05) and belowground biomass was positively related to soil TKN (R2=0.39, p<0.05; 
Figure 67) in coastal marshes. The results showed that plant aboveground biomass increased 
as fine sediment mean grain size increased and belowground biomass increased as soil TKN 
increased in coastal marshes. In addition, plant belowground biomass was negatively related 
to soil bulk density (R2=0.36, p< 0.05) and soil carbon-to-nitrogen ratio (R2=0.23, p<0.05) 
and positively related to soil TP (R2=0.26, p<0.05; Figure 68) in inland marshes. The results 
showed that plant belowground biomass in inland marshes decreased as soil bulk density 
increased, soil carbon-to-nitrogen ratio increased, and soil TP decreased.  
A multiple regression showed that fine sediment mean grain size and water dissolved 
oxygen account for up to 35% of the variation in plant aboveground biomass in coastal 
marshes (R2=0.35, R2 Adj.= 0.27; Table 10). In addition, fine sediment mean grain size was 
significantly positively correlated to plant aboveground biomass in coastal marshes (p< 0.05, 
R2=0.35, R2 Adj.= 0.27; Table 10). The results showed that plant aboveground biomass in 
inland marshes was best explained when fine sediment mean grain size and soil TKN were 
included as the predictor variables (R2=0.28, R2 Adj.= 0.19; Table 10). The plant 
aboveground biomass in inland marshes was significantly negatively correlated to soil TKN 
(p< 0.05, R2=0.28, R2 Adj.= 0.19; Table 10). On the other hand, plant belowground biomass 
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in coastal marshes was best explained when soil carbon-to-nitrogen ratio was included as a 
predictor variable (R2=0.23, R2 Adj.= 0.18; Table 10). Moreover, plant belowground biomass 
in coastal marshes was strongly positively correlated to soil carbon-to-nitrogen ratio (p< 
0.05). In inland marshes, fine sediment mean grain size and soil clay percentage account for 
up to 39% of the variation in plant belowground biomass (R2=0.39, R2 Adj.= 0.32; Table 10). 
The results showed that plant belowground biomass in inland marshes was strongly positively 
correlated to high soil clay percentage (p< 0.05). 
Linear regression analyses showed that plant aboveground biomass in inland 
marshes with low and high marsh zones combined was positively related to Juncus 
roemerianus rhizome thickness (R2=0.41, p< 0.001; Figure 69). Thus, aboveground biomass 
in inland marshes increased as Juncus roemerianus rhizome thickness increased. The 
belowground biomass in inland marshes was positively related to Juncus roemerianus live 
standing shoot heights (R2=0.30, p< 0.05; Figure 69). Thus, belowground biomass in inland 
marshes increased as Juncus roemerianus live standing shoot heights increased. 
5.5.3 Comparison of Grand Bay and Graveline Bayou 
When data were combined into Grand Bay and Graveline Bayou sites, the results 
showed that plant aboveground biomass was positively related to soil TKN (R2=0.62, p<0.05) 
and TP at Grand Bay (R2=0.44, p<0.05; Figure 70), which means that plant aboveground 
biomass at Grand Bay increased as soil TKN and TP increased. Moreover, plant aboveground 
biomass was positively related to high soil clay percentage (R2=0.41, p<0.001) and 
negatively related to soil TKN at Graveline Bayou (R2=0.21, p<0.05; Figure 71). The results 
showed that plant aboveground biomass at Graveline Bayou increased as soil clay percentage 
increased and soil TKN decreased. The results showed that plant belowground biomass was 
positively related to fine sediment mean grain size as well (R2=0.50, p< 0.05; Figure 71). 
However, plant belowground biomass at Graveline Bayou increased as fine sediment mean 
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grain size increased. 
 
 
Figure 66. Results of linear regression showed that plant above- and belowground 
biomass was significantly related to Juncus roemerianus live standing shoot heights in 
inland high marsh zones, Spartina alterniflora rhizome thickness in coastal high marsh 
zones and Spartina alterniflora aboveground carbon-to-nitrogen ratio in coastal high 
marsh zones (na-d=25; ne=16). 
       
A multiple regression showed that plant aboveground biomass at Grand Bay was 
best explained when soil carbon-to-nitrogen ratio was included as a predictor variable (R2= 
0.17, R2 Adj.= 0.14; Table 11). In addition, soil carbon-to-nitrogen ratio was strongly 
negatively correlated to plant aboveground biomass at Grand Bay (p< 0.05). When soil clay 
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percentage and soil TKN were included as predictor variables at Graveline Bayou, 44% of the 
variation in plant aboveground biomass at Graveline Bayou was explained (R2= 0.44, R2 
Adj.= 0.38; Table 11). The results showed that plant aboveground biomass at Graveline 
Bayou was strongly positively correlated to high soil clay percentage and negatively 
correlated to soil TKN (p< 0.05). On the other hand, plant belowground biomass at Grand 
Bay cannot be explained well when these environmental variables were included as the 
predictor variables (Table 11). The results showed that plant belowground biomass at 
Graveline Bayou was best explained when sediment mean grain size and high soil sand 
percentage were included as predictor variables (R2= 0.21, R2 Adj.= 0.14; Table 11). The 
plant belowground biomass at Graveline Bayou was significantly positively correlated to 
high fine sediment mean grain size (p< 0.05). 
 
 
Figure 67. Results of linear regression showed that plant aboveground biomass in coastal 
marshes increased as fine sediment mean grain size increased and belowground biomass in 
coastal marshes increased as soil TKN increased (n1=20; n2=10). 
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Figure 68. Results of linear regression showed that plant belowground biomass in inland 
marshes was negatively related to soil carbon-to-nitrogen ratio and bulk density and was 
positively related to soil TP (na=25; nb=16; nc=10) [ results combined low and high marsh 
zones]. 
 
Table 10. Summary of stepwise multiple regression analyses between plant above- and 
belowground biomass and environmental parameters in coastal and inland marshes 
A/B coefficient 
variables 
Aboveground biomass Belowground biomass 
Coastal marshes Inland marshes Coastal marshes Inland marshes 
Intercept 13857.78 909.58 -5553.77 -2055.34 
Soil moisture     
Soil organic matter     
Mean grain size 3.60 * 3.54  23.60 
Soil %sand     
Soil %slit     
Soil %clay    287.48 * 
Soil bulk density     
Water salinity     
Water depth     
Dissolved oxygen -1698.37    
Soil C:N   484.63 *  
Soil TKN  
-23.44*   
Soil TP     
Elevation     
R2 Adj. 0.27 0.19 0.18 0.32 
Only parameter estimates retained in the model are given. * p< 0.05. n=25 
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Figure 69. Results of linear regression showed that plant above- and belowground 
biomass in inland marshes was positively related to Juncus roemerianus rhizome 
thickness and Juncus roemerianus live standing shoot heights (n=20) [results combined 
low and high marsh zones]. 
 
Figure 70. Results of linear regression showed that plant aboveground biomass at Grand 
Bay was positively related to soil TP and TKN (n=10) [results combined low and high 
marsh zones]. 
 
When data were combined into Grand Bay and Graveline Bayou sites, the results 
showed that plant aboveground biomass at Grand Bay was negatively related to Juncus 
roemerianus and Spartina alterniflora aboveground carbon-to-nitrogen ratio (R2= 0.42, p< 
0.05; Figure 72). The aboveground biomass at Grand Bay increased as Juncus roemerianus 
and Spartina alterniflora aboveground carbon-to-nitrogen ratio decreased. On the other hand, 
linear regression analyses showed that plant belowground biomass at Graveline Bayou was 
negatively related to Spartina alterniflora live standing shoot heights (R2= 0.51, p< 0.001; 
Figure 73). Thus, belowground biomass at Graveline Bayou decreased as Spartina 
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alterniflora live standing shoot heights increased.  
 
 
Figure 71. Results of linear regression showed that plant aboveground biomass was 
positively related to soil clay percentage and negatively related to soil TKN, and 
belowground biomass was positively related to fine sediment mean grain size at Graveline 
Bayou (n=15). 
 
Figure 72. Results of linear regression showed that plant aboveground biomass at Grand 
Bay was negatively related to both Juncus roemerianus and Spartina alterniflora 
aboveground carbon-to-nitrogen ratio (n=15).  
 
  
75
 
Figure 73. Results of linear regression showed that plant belowground biomass was 
negatively related to Spartina alterniflora live standing shoot heights at Graveline Bayou 
(n=25).  
 
 
 
 
Table 11. Summary of stepwise multiple regression analyses between plant above- and 
belowground biomass and environmental parameters at Grand Bay and Graveline Bayou 
A/B coefficient 
variables 
Aboveground biomass Belowground biomass 
Grand Bay Graveline Bayou Grand Bay Graveline Bayou 
Intercept 2217.87 1128.65 4585.51 1915.26 
Soil moisture     
Soil organic matter     
Mean grain size    32.13* 
Soil %sand    -94.34 
Soil %slit     
Soil %clay  69.56*   
Soil bulk density     
Soil C:N 
-41.91*    
Soil TKN  
-36.18*   
Soil TP     
Elevation     
R2 Adj. 0.14 0.38 0 0.14 
Only parameter estimates retained in the model are given. * p< 0.05. n=25 
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CHAPTER 6  
DISCUSSION                                                                             
6.1 Comparison of Low and High Marsh Zones 
In low marsh zones, soil sand and silt percentages were significantly negatively 
correlated to plant belowground biomass (Table 9). Higher soil silt and clay percentages can 
be beneficial for plant growth because small-sized grains made up of silt and clay can hold 
more nutrients than coarse sandy soils due to their greater surface-to-volume ratio (Weis and 
Butler 2009). Thus, results of this present study showed that within coastal marshes, plant 
aboveground biomass in low marsh zones was significantly lower than that in high marsh 
zones (Figures 44; Table 8), but there was no significant difference in plant belowground 
biomass between low and high marshes (Figures 45; Table 8) within inland marsh sites. 
In high marsh zones, soil moisture, organic matter, sediment mean grain size, soil 
sand, clay, and silt percentages, bulk density, carbon-to-nitrogen ratio, soil TKN, soil TP and 
elevations can best explain plant above- and belowground biomass in high marsh zones 
(Table 9). Variables describing vegetation were generally strongly correlated with 
environmental variables including sediment properties (moisture, organic matter content, 
mean grain size, soil sand, clay and silt percentages and bulk density, nitrogen, phosphorus, 
carbon-to-nitrogen ratio). However, it was not possible to determine if the observed 
correlations between vegetation and sediment properties were direct effects of sediment on
the vegetation, or if vegetation promoted deposition and trapping of fine organic matter by 
plants, or if fine sediments reflected breakdown of marsh peat.  
Linear regression analyses showed that plant above- and belowground biomass in 
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low marsh zones was positively related to Juncus roemerianus live standing shoot heights 
(Figure 65). The plant above- and belowground production increased as Juncus roemerianus 
live standing shoot heights increased, which suggests that higher plant above- and 
belowground production could produce higher standing shoot heights for Juncus roemerianus 
or higher standing shoot heights could contribute to higher plant above- and belowground 
production because taller plants could avoid shade and therefore would be expected to 
provide more energy for growth.  
In Juncus roemerianus, above- and belowground production decreased as live 
standing shoot heights increased in high marsh zones (Figure 66), which suggests that plant 
growth (especially the plant height) would utilize energy, thus, decreasing plant above- and 
belowground production in high marsh zones. Moreover, stem density in high marsh zones 
may be a better indicator of production than heights because high stem density could prevent 
plants from absorbing enough nutrient and energy for growth and decrease standing shoot 
heights (Bannister 1976; Chapman 1976; Keddy 2010; Weis and Butler 2009). Within coastal 
marshes, although there was no significant difference in plant belowground biomass between 
low and high marsh zones, vegetation in high marsh zones produced high aboveground 
production with high stem density (Figures 37, 44 and 45). Although taller plants, which are 
able to avoid shade, would be expected to produce high production due to more energy for 
growth, plant heights may not be a good indicator of production compared to stem density 
(Cronk and Fennessy 2001; Keddy 2010; Weis and Butler 2009). Figure 66 suggests that 
plant above- and belowground production for Spartina alterniflora increased as rhizome 
thickness increased. In reality, the higher spring plant rhizome thickness provides plant with 
higher energy for new growth, leading to high production in summer (Figures 31, 39, 40 and 
75).  
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6.2 Comparison of Coastal and Inland Marshes 
The soil percentage of organic matter content, particle size distribution, moisture, 
mean grain size, bulk density, nitrogen and phosphorus are all important factors to consider 
when comparing erosion rates among sites (Brewer and Grace 1990; Feagin et al. 2009; 
Howes et al. 1986; Levine et al. 1998; Roberts 2009). The results (Figures 19, 20, 21 and 22) 
showed that soil organic matter content, soil bulk density, mean grain size, soil sand, silt and 
clay percentages in coastal marshes differed significantly from those in inland marshes. In 
inland (brackish) marshes, plant belowground biomass was significantly negatively related to 
soil bulk density (Figure 68). The plant belowground biomass in inland marshes decreased as 
soil bulk density increased because soil bulk density (Figure 68), which is inversely related to 
the porosity of soil depending on the degree of compaction, may have a negative effect on 
soil organic matter content (Cronk and Fennessy; Keddy 2010; McKee and Cherry 2009). 
Plant aboveground production in coastal marshes was positively related to fine 
sediment mean grain size (Figure 67). The sediment mean grain size in coastal marshes was 
significantly higher than that in inland marshes (Figure 21; Table 6). Moreover, sediment 
mean grain size can best explain plant aboveground biomass in coastal marshes (Table 10). 
Although plant aboveground biomass increased as fine sediment mean grain size increased 
(Figure 67), sediment in coastal marshes contained lower silt percentage, which is not 
beneficial for plant growth because small-sized grains can hold more nutrients. However, 
waterlogged fine sediments have low dissolved oxygen, which can result in the slower plant 
growth if fine sediments are not well-drained (Weis and Butler 2009). Although the profile 
diagrams of eight transects (Figures 16 and 17) showed that a natural levee existed on only a 
few transects, only the elevation in middle marsh zone on Transect 6 was significantly higher 
than that in high marsh zones. A natural levee is probably built by inputs such as waves and 
storm surges because sediment in coastal areas tends to be redistributed by hurricane and 
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storm surges (Keddy 2010; Redfield 1972). The results showed that soil bulk density in 
coastal marshes was significantly higher than that in inland marshes (Figure 20; Table 6). 
Hurricane and storm surges may have positive effects on accumulation of organic matter 
through litter deposition or scouring and redeposition of organic marsh substrates in coastal 
marshes (McKee and Cherry 2009; Guntenspergen et al. 1995).  
The findings of Feagin et al. (2009) suggested that soil erosion was strongly driven 
by the presence of sandy sediments, especially if soil bulk density was higher than 0.9 g/cm3 
because soil bulk density provided the best linear predictor for soil erosion in the flume 
experiments. Results of this present study showed that soil bulk density was significantly 
higher in coastal marshes than that in inland marshes (Figure 20; Table 6) but soil bulk 
density in both coastal and inland marshes was lower than 0.9 g/cm3. In addition, the results 
showed that soil sand percentage in coastal marshes was significantly higher than that in 
inland marshes (Figure 22; Table 6). The plant percent cover in coastal marshes was lower 
than that in inland marshes (Figure 23; Table 7), and both live and dead Spartina alterniflora 
standing shoot heights in coastal marshes were lower than live and dead Juncus roemerianus 
standing shoot heights in inland marshes (Figure 26). In coastal marshes, plant stem density 
was significantly lower than that in inland marshes (Figure 37; Table 7). These results further 
confirmed that hurricanes and storm surges have directly negative effects on coastal plants, 
and indirect effects on the sorting of substrates and erosion of nutrients (Feagin et al. 2009; 
Feagin 2008; Keddy 2010; McKee and Cherry 2009). 
The plant communities can also be influenced by the slope of the marsh surface 
because each plant species is adapted to living in a set amount of water and within a set range 
of salinity. When salinity is outside the range of a particular plant, its production will 
decrease due to the salinity stress (Weis and Butler 2009). However, plant primary production 
is highest when hydrology inputs are regarded as general and sustainable pulsing due to 
  
80 
higher nutrient loads because too much severe pulsing is a stress that reduces production and 
diversity (Cronk and Fennessy 2001; Keddy 2010; Odum et al. 1995). Thus, vegetation 
tended to have high above- and belowground production in coastal marshes (Figures 44 and 
45; Table 8).  
6.3 Comparison of Grand Bay and Graveline Bayou 
Although both Grand Bay and Graveline Bayou are protected by the Mississippi 
Department of Marine Resources (Figures 5-8; GEMS website; GNDNERR website), these 
two sampling locations along the Mississippi Gulf Coast were inundated by several 
hurricanes from 2004 to 2010 (Table 3). Along the Gulf of Mexico, two barrier islands, Horn 
and Petit Bois Islands, are located south of Grand Bay and Graveline Bayou. To a great extent, 
both Grand Bay and Graveline Bayou were affected by hurricanes due to the similarity of the 
locations (NOAA website). However, Graveline Bayou could experience fewer direct effects 
by hurricanes because Horn Island buffers wave effects on Graveline Bayou (Table 3). 
Although there was no statistically significant difference in wave effects between Grand Bay 
and Graveline Bayou, there was a significant difference in plant belowground biomass 
between Graveline Bayou and Grand Bay (Figure 46; Table 7). 
On the other hand, linear regression analyses showed that soil clay percentage was 
positively related to plant aboveground biomass at Graveline Bayou (Figure 71). Sediment 
mean grain size was positively significantly related to plant belowground biomass at 
Graveline Bayou (Figure 71). But soil moisture, soil organic matter content, soil bulk density 
and sediment mean grain size at Grand Bay did not significantly differ from those at 
Graveline Bayou (Figures 18, 19, 20 and 21; Table 6). The sediment at Grand Bay contained 
a significantly higher soil sand percentage and lower soil silt percentage than those at 
Graveline Bayou (Figure 22; Table 6). At Graveline Bayou, soil clay percentage and soil 
TKN account for up to 44% of the variation in aboveground biomass (Table 11). In addition, 
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plant aboveground biomass at Graveline Bayou was significantly positively correlated to soil 
clay percentage and negatively correlated to soil TKN (Table 11). However, multiple 
regression results showed that the environmental variables including soil properties and 
elevations failed to explain plant belowground biomass well at Grand Bay (Table 11). The 
results suggested that some other environmental variables which had not been included in 
these regression analyses (e.g., soil nutrients and different plant species) would have 
positively significant effects on increasing plant belowground biomass at Grand Bay (Figure 
46; Table 11; Bannister 1976; Chapman 1976; Keddy 2010; Weis and Bulter 2009). 
6.4 Changes in Production over the Growing Season 
Juncus roemerianus standing shoot heights in both low and high marsh zones 
changed significantly over spring, summer and fall (Figure 25; Table 7). But Spartina 
alterniflora standing shoot heights changed significantly only in high marsh zones over 
spring, summer and fall (Figure 25; Table 7). In brackish low marsh zones, live Juncus 
roemerianus standing shoot heights were lowest in summer and highest in fall (Figure 25). 
On the other hand, live Juncus roemerianus standing shoot heights were lowest in fall and 
highest in summer in brackish high marsh zones (Figure 25). However, plant aboveground 
biomass was lowest in fall and highest in summer in brackish high marsh zones (Figure 39), 
which suggests that Juncus roemerianus produces higher standing shoot heights when plant 
aboveground production is high. The plant belowground biomass was lowest in spring and 
highest in fall in low marsh zones as plants move carbohydrates from aboveground to 
belowground when photosynthesis is decreasing prior to winter months (Figure 40; Bannister 
1976; Barber 1995; Chapman 1976; Nabors 2004). However, in brackish high marsh zones, 
plant belowground biomass was lowest in spring and highest in summer, as carbohydrate 
reserves are utilized in spring and renewed in summer (Figure 40).  
Juncus roemerianus has a peculiar period of anthesis compared to other species of 
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Juncus since it begins anthesis in mid-winter and extends to mid-spring (Eleuterius 1975). 
Thus, Juncus roemerianus tended to produce high belowground production in fall and then 
transfered carbohydrates from belowground to aboveground due to the preparation for 
anthesis (Figure 43). Although Spartina alterniflora is peaking in summer (Valiela et al. 
1976), marsh edges that are more likely inundated by storm waves may provide vegetation 
with higher nutrients for primary belowground production in fall since low marsh zones have 
high organic matter content due to the nutrient loads by wave transportations (Cronk and 
Fennessy 2001; Keddy 2010; Odum et al. 1995). On the other hand, high belowground 
production helps vegetation to survive along the marsh edge during hurricane events by 
holding sediment with roots and rhizomes (Keddy 2010; Redfield 1958).   
Rhizome growth of Spartina alterniflora is slow at first and peaks in summer 
because Spartina alterniflora increases root growth during the early growing season in salt 
marshes (Valiela et al. 1976). Results of this present study showed that Spartina alterniflora 
tended to have high above- and belowground production in summer in high marsh zones 
(Figures 39 and 40). Juncus roemerianus rhizomes were thinnest in summer and thickest in 
spring in low marsh zones (Figure 31). However, Eleuterius (1972, 1976 and 1990) and De 
La Cruz (1973) found that aboveground biomass of a pure stand of Juncus roemerianus in the 
Mississippi marsh ranged from 560 to 2000 g/m2 (Table 1), and belowground biomass of 
Juncus roemerianus marsh in Bay St. Louis, Mississippi, ranged from 9700 to 12400 g/m2 
with the peak biomass occurring in April (Table 2). Results of this present study (Figure 38) 
showed that belowground biomass was lower than the results De La Cruz (1973) found 
probably because of the different soil characteristics and plant competition at the sampling 
sites especially in high marsh zones (Bannister 1976; Barber 1995; Chapman 1976; Cronk 
and Fennessy 2001; Weis and Butler 2009). Plant density is recognized as a major factor 
determining the degree of competition between different plant species (Keddy 2010; Weis 
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and Butler 2009). Thus, high marsh zones tend to have higher plant density since storm 
surges have directly negative effects on low marsh vegetation (e.g., biomass removal from 
plants and uprooting)  
Spartina alterniflora and Juncus roemerianus rhizome thickness in both coastal and 
inland marshes changed significantly over spring, summer and fall (Figure 32). Spartina 
alterniflora and Juncus roemerianus rhizome thickness in both coastal and inland marshes 
were highest in spring and lowest in fall (Figure 32). However, belowground biomass in 
coastal and inland marshes was lowest in spring with higher rhizome thickness, which means 
vegetation rhizomes are thicker when plant belowground biomass is less because vegetation 
probably invest most energy into rhizome length and amount instead of thickness (Figures 32 
and 43). In inland marshes, vegetation aboveground production was highest in summer when 
photosynthesis is increasing in the growing season, and belowground production was highest 
in fall when photosynthesis is decreasing prior to winter months (Figures 42 and 43). On the 
other hand, vegetation primary production, including above- and belowground, was highest in 
summer in coastal marshes (Figures 42 and 43). Although there was no significant difference 
in the elevation gradients between coastal and inland marsh sites, native vegetation at lower 
elevations with lower density in close proximity to storm surges within coastal marshes 
tended to have lower aboveground production (Figures 16, 17, 37 and 44). Lower production 
leads to lower soil stability. However, most of hurricanes along the MS Gulf Coast during 
2004 to 2010 occurred in summer and fall (Table 3). Therefore, vegetation may have 
developed adaptations to increase primary production to survive during storm and hurricane 
events (Figures 39, 40, 42 and 43). Where the natural pulses such as hurricanes, storm surges 
and flooding are moderate, primary production is highest. In general, net production in most 
types of wetlands increases with increasing pulse amplitude up to an optimum point beyond 
which too many pulses reduce production (Odum et al. 1995). More severe pulses tend to 
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occur in low marsh zones in coastal marshes, so vegetation tends to exhibit decreased above- 
and belowground production there. On the other hand, increased water inflows to coastal 
areas can carry additional nutrients and facilitate the exchange of dissolved elements (e.g., 
oxygen, carbon, phosphorus and nitrogen) by decreasing thickness of the boundary layer at 
the plant surface, thus enhancing primary production, especially when hydrologic inputs are 
moderately pulsing (Cronk and Fennessy 2001). Therefore, coastal vegetation in marsh edges 
can survive during severe hurricanes and storm surges due to high belowground production 
even though hurricanes and storm surges have a direct negative effect on vegetation standing 
shoot heights and stem density. 
Results of this present study suggested that in brackish marshes, Juncus roemerianus 
invested most carbohydrates into aboveground production when photosynthesis is high in 
summer. In fall, Juncus roemerianus began to move carbohydrates from aboveground to 
belowground, but Juncus roemerianus had thinnest rhizomes then which suggests that 
belowground parts of Juncus roemerianus were extensive (Figures 32 and 74). In winter, 
rhizomes of Juncus roemerianus began thickening (Figure 32), which suggests that Juncus 
roemerianus began to consolidate carbohydrates in the belowground parts for the next 
growing season. Then, Juncus had the thickest rhizomes in spring (Figure 32). In addition, 
Juncus began to produce aboveground production including standing shoots when 
temperatures are becoming warm in spring. 
Results of this present study showed that in coastal marshes, plants produced both 
high above- and belowground production in summer, which suggests that Spartina 
alterniflora has adapted to coastal disturbances such as hurricanes by producing high 
belowground production to withstand the storm waves (Figure 75). Spartina alterniflora had 
high standing shoot heights when photosynthesis is high in summer. Although Spartina 
alterniflora did not have the thickest rhizomes in summer, the high belowground production 
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could be contributed by the large amounts of rhizomes which could help vegetation to 
consolidate sediments in coastal areas. In fall, Spartina alterniflora had thinnest rhizomes 
then which suggests that belowground parts of Spartina alterniflora had a large amount of 
extensive rhizomes (Figures 32 and 75). In winter, rhizomes of Spartina alterniflora began 
thickening (Figure 32). Apparently, rhizomes of Spartina alterniflora start to enlarge when 
temperatures start to warm in February. Then, Spartina had the thickest rhizomes in spring 
(Figure 32). 
Results in Figures 74 and 75 showed that there was a significant difference in 
belowground production between inland (brackish) and coastal marshes. In brackish marshes, 
vegetation produced high aboveground production in summer and high belowground 
production in fall; however, in coastal marshes, vegetation produced both high above- and 
belowground production in summer. Although the different physical plant growth form of 
these two dominant plant species between coastal and inland marshes could result in the 
significant difference in plant belowground production, the ability of plant adaptation and 
environmental variables including physical stresses would also contribute these significant 
differences between coastal and inland marshes.   
 
 
Figure 74. Seasonal changes in Juncus roemerianus dominating inland marshes 
(brackish). 
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Figure 75. Seasonal changes in Spartina alterniflora dominating coastal marshes (salt). 
 
6.5 Storage of Nitrogen, Phosphorus and Carbon-to-Nitrogen Ratio 
The availability of nitrogen and phosphorus, which are considered as the most 
important nutrients, determines how fast plants can grow. Nitrogen and phosphorus are often 
relatively available in wetlands probably because water can steadily transport nutrients in 
coastal areas. All organic matter is made up of substantial amounts of carbon (C) combined 
with lesser amounts of nitrogen (N). The carbon-to-nitrogen ratio (C:N ratio) is determined 
by the percentage of these elements in an organism. Sediments require the correct proportion 
of carbon for energy and nitrogen for protein production to support plant growth. Organisms 
which decompose organic matter need more carbon than nitrogen. In aquatic plants, nitrogen 
content is frequently well below 5%. Lodge (1991) showed that emergent, floating, and 
submersed macrophytes, as well as algae, all have similar nitrogen contents, usually of 2 % to 
3 % (Keddy 2010; Lodge 1991; White 1993). If there is too much carbon, decomposition 
slows when nitrogen is used up and some organisms die. Other organisms that form new cell 
material may use their stored nitrogen. In this process, more carbon is burned. Thus, the 
amount of carbon is reduced while nitrogen is recycled. Although there was no significant 
difference in soil carbon-to-nitrogen ratio between low and high marsh zones or between 
coastal and inland marshes or between Grand Bay and Graveline Bayou, the average soil 
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carbon-to-nitrogen ratio was 22.1 (Figure 47). A C:N ratio of 20, where carbon and nitrogen 
are the available quantities, is the upper limit at which there is no danger of robbing the soil 
nitrogen. A C:N ratio around 25 to 30 has been determined as the fastest way to produce 
fertile, sweet-smelling compost. Soil which contains a low carbon-to-nitrogen ratio (excess 
nitrogen) ends up with a stinky pile (Brady 1990; Millar and Donahue 1990).  
Although there was no significant difference in plant carbon-to-nitrogen ratio 
between low and high marsh zones or between coastal and inland marshes or between Grand 
Bay and Graveline Bayou, the average plant carbon-to-nitrogen ratio was 58 (Figures 48-50). 
If plant residues have a C:N ratio greater than 20, nitrate and ammonium levels in the soil 
would decrease as microorganisms used up carbon from the residues, which would result in 
the immobilized nitrogen. On the other hand, nitrogen will be released to the soil during early 
stages of decomposition where C:N ratio is below 20 (Barber 1995). Low C:N ratio in 
summer, which means plant contained high nitrogen content, suggests that the plant high 
production costs lots of energy by using carbon content when photosynthesis is high (Figures 
51, 74 and 75). High C:N ratio in fall, which means plant contained high carbon content, 
suggests that the plant begins to store carbon when photosynthesis and temperature begin to 
decrease (Figures 52 and 53).    
Phosphorus concentrations in the soil are low compared to other nutrients such as 
nitrogen (Barber 1995). Reisenauer (1964) surveyed values in the literature and found 77 % 
of the 149 soil phosphorus values reported to be less than 0.15 mg/l. Barber et al. (1962) 
measured phosphorus concentrations in soil solutions displaced from U.S. soils in the Middle 
West and found only 1 % of the 142 values reported to be greater than 0.8 mg/l. Although 
there was no significant difference in soil total phosphorus between low and high marsh 
zones or between coastal and inland marshes or between Grand Bay and Graveline Bayou, 
the average soil total phosphorus was 1.03 which suggests that phosphorus presents as a 
  
88 
component of soil organic matter or inorganic soil constituents (Figures 59). Thus, a large 
fraction of the phosphorus present is in a mineral form that is not readily available for 
absorption by the plant (Barber 1995). Starting at a low temperature, uptake rates of most 
nutrients (e.g., nitrogen) increase as temperature increases until proceeding to a maximum 
temperature (Barber 1995). The results showed that plant aboveground TKN was 
significantly higher in summer than in fall at Graveline Bayou and plant aboveground TP was 
significantly higher in summer than in fall in high marsh zones and coastal marshes, which 
suggests that plant aboveground nitrogen and phosphorus uptake rate was high in summer 
(Figures 58, 61 and 62). 
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CHAPTER 7 
SUMMARY AND CONCLUSION                                     
The original intent of this research was to investigate coastal botanical and site 
characteristics and to understand how these botanical and abiotic environmental factors affect 
the attenuation of coastal surges and waves. The first hypothesis was that vegetation total 
primary production would be lower in low marshes and at coastal sites than in high marshes 
and at inland sites due to increased stress associated with tidal flooding and/or salinity. 
Within inland marshes, there was no significant difference in plant above- and belowground 
biomass between low and high marsh zones. Within coastal marshes, aboveground biomass in 
low marsh zones was lower than that in high marsh zones and there was no significant 
difference in belowground biomass between low and high marsh zones. When all the 
sampling seasons combined, vegetation total primary production was lower in low marsh 
zones and at coastal sites than in high marsh zones and at inland sites. Therefore, the first 
hypothesis can be accepted when all the sampling seasons combined. 
The second hypothesis was that vegetation belowground biomass allocation during 
the hurricane season would be greater in coastal marshes and in low marshes than in inland 
marshes or in high marshes, which in turn could allow more rapid recovery from damage 
caused by storm surges. If all the sampling seasons were combined, there was no significant 
difference in belowground biomass between low marshes in coastal marshes and high 
marshes in inland marshes. However, if just compared for different sampling seasons, 
belowground biomass of Spartina alterniflora in low marsh zones and at coastal sites was 
higher than of Juncus roemerianus in inland marshes in fall. Therefore, the second hypothesis 
  
90 
is proved to be true for belowground biomass sampled in fall during the hurricane season. 
Results in this study showed that high marsh zones had higher primary production, 
especially in summer for coastal marshes. Although native vegetation tended to have lower 
heights and lower density in low marsh zones in coastal areas where plants tend to be 
inundated by storm surges and waves, vegetation could survive and withstand the storm 
waves in these coastal areas by increasing belowground primary production which may be 
beneficial for the prolific rhizomes to hold sediments. On the other hand, hurricanes and 
storm surges have a direct negative effect on the native vegetation in coastal marshes with 
lower elevations by decreasing aboveground production including lower- standing shoot 
heights and lower- stem density. Because of low vegetation percent cover in low marsh zones, 
areas which are extremely vulnerable to winter and spring storms with accompanying erosion 
have lower primary production, especially belowground production in spring. However, high 
marsh zones have higher vegetation percent cover and higher primary above- and 
belowground production which could provide sediment stabilization through the winter and 
into the next growing season.  
7.1 Recommendations for Future Research 
In order to learn more about how plant above- and belowground primary production 
is affected by storm surges and waves in different marsh zones and at different marsh sites, 
this experiment, or one similar to it, is recommended to be conducted at additional marsh 
locations which were protected from hurricanes and severe storm surges or have similar 
vegetation growth patterns. For example, a study could be conducted to compare above- and 
belowground biomass along elevation and salinity gradients between Mississippi and 
Louisiana marsh sites. A similar experiment could also be conducted at other marsh sites 
which have not been inundated by recent hurricanes such as western Florida marshes. It 
would be interesting to see how above- and belowground biomass changed along elevation 
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and salinity gradients between these different locations which have similar vegetation growth 
patterns and different effects by hurricanes.  
7.2 Significance of the Study 
The important findings of this study were that there was a significant difference in 
the seasonal changes of vegetation belowground production between coastal and inland 
marsh species. In southeastern temperate zones, the inland marshes are dominated by Juncus 
roemerianus, and Spartina alterniflora always dominates the coastal marshes because of its 
high salinity tolerance. Both Juncus roemerianus and Spartina alterniflora had thickest 
rhizomes in spring and thinnest rhizomes in fall. However, Juncus roemerianus produced 
high aboveground production in summer in inland marshes, and then moved carbohydrates 
from the aboveground to the belowground part when photosynthesis is decreasing prior to 
winter months. On the other hand, Spartina alterniflora exhibited both high above- and 
belowground production in summer in coastal marshes. The findings show that Spartina 
alterniflora in coastal areas may have adapted to the coastal environment with high 
disturbances and stresses by producing high above- and belowground production in summer 
for the preparation of hurricane seasons.     
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APPENDIX 
 
 
Figure 76. Low marsh zone of Transect 1 in the Coastal South Rigolets Island West 
(December 2009). 
 
 
Figure 77. Low marsh zone of Transect 2 in the South Rigolets Island East 
 (December 2009). 
 
 
Figure 78. High marsh zone of Transect 3 at the North side of Graveline Bayou  
(March 2010). 
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Figure 79. Low marsh zone of Transect 4 at the North side of Graveline Bayou  
(March 2010). 
 
 
 
Figure 80. Student Ying Chen working with soil corer in low marsh zone of Bayou Heron 
(Transect 5 looking northeast, photo by Jeff Cannon, 12 March 2010). 
 
 
 
Figure 81. Students in the Aquatic Botany Class working with Dr. Holland in high marsh 
zone of Bayou Heron (Transect 5 looking northwest). 
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Figure 82. Students Patrick Hourguettes and Jeff Cannon working in the south marsh edge of 
Graveline Bayou (Transect 6, photo by Jeff Cannon, 12 March 2010). 
 
 
Figure 83. High marsh zone of Transect 6 at South side of Graveline Bayou 
 (13 May 2010). 
 
 
Figure 84. Low marsh zone of Transect 7 at South side of Graveline Bayou 
 (13 May 2010). 
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Figure 85. Low marsh zone (marsh edge) of Transect 8 at Orange Grove of Grand Bay 
(13 May 2010). 
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Figure 86. Average soil moisture in low and high marsh zones compared for eight 
transects (±SE, n=120). 
 
 
Table 12. Average soil moisture compared for low and high marsh zones on eight 
transects 
Transects Low marsh zones (%) High marsh zones (%) 
Mean Std. dev. Mean Std. dev. 
Tr. 1 52.33 7.31 30.37 8.32 
Tr. 2 45.96 6.87 32.61 7.37 
Tr. 3 40.11 11.71 57.75 11.25 
Tr. 4 37.67 7.59 52.22 12.27 
Tr. 5 34.66 9.50 59.51 17.40 
Tr. 6 33.51 12.02 40.38 5.36 
Tr. 7 45.72 6.55 54.48 12.27 
Tr. 8 61.47 5.87 40.12 6.10 
Average 43.93 9.51 45.93 11.46 
 
 
 
  
107
 
0
3
6
9
12
15
18
21
24
27
Tr.1 Tr.2 Tr.3 Tr.4 Tr.5 Tr.6 Tr.7 Tr.8
So
il
 o
rg
a
n
ic
 m
a
tt
e
r 
%
Low marsh zones High marsh zones
 
Figure 87. Average soil organic matter content in low and high marsh zones compared 
for eight transects (±SE, n=120). 
 
Table 13. Average soil organic matter for low and high marsh zones on eight transects 
Transects Low marsh zones (%) High marsh zones (%) 
Mean Std. dev. Mean Std. dev. 
Tr. 1 6.85 2.31 2.14 1.50 
Tr. 2 5.54 1.69 2.95 1.56 
Tr. 3 5.24 3.82 9.97 5.16 
Tr. 4 4.16 1.83 9.4 6.56 
Tr. 5 5.09 2.47 20.88 13.34 
Tr. 6 4.87 4.01 5.57 1.54 
Tr. 7 5.25 2.35 10.39 6.67 
Tr. 8 15.68 6.92 8.59 10.07 
Average 6.59 3.75 8.74 5.84 
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Figure 88. Average soil bulk density in low and high marsh zones compared for 
eight transects (±SE, n=120). 
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Table 14. Average soil bulk density compared for low and high marsh zones on eight 
transects 
Transects Low marsh zones (g/cm3) High marsh zones (g/cm3) 
Mean Std. dev. Mean Std. dev. 
Tr. 1 0.72 0.10 1.24 0.21 
Tr. 2 0.78 0.14 1.2 0.17 
Tr. 3 0.69 0.44 0.53 0.29 
Tr. 4 0.71 0.46 0.65 0.40 
Tr. 5 0.31 0.21 0.23 0.06 
Tr. 6 0.27 0.001 0.31 0.02 
Tr. 7 0.83 0.16 0.68 0.20 
Tr. 8 0.52 0.05 0.92 0.19 
Average 0.60 0.21 0.72 0.37 
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Figure 89. Mean grain size in low and high marsh zones compared for eight transects 
(±SE, n=120). 
 
Table 15. Sediment mean grain size compared for low and high marsh zones on eight 
transects 
Transects Low marsh zones (µm) High marsh zones (µm) 
Mean Std. dev. Mean Std. dev. 
Tr. 1 156.9 175.18 105.3 39.68 
Tr. 2 75.46 44.12 122.2 76.07 
Tr. 3 35.97 43.39 65.68 99.70 
Tr. 4 34.97 27.05 56.41 62.70 
Tr. 5 10.90 2.30 11.41 1.69 
Tr. 6 35.48 28.34 27.13 8.45 
Tr. 7 35.08 25.24 16.55 1.27 
Tr. 8 24.26 15.85 20.65 5.00 
Average 51.13 46.46 53.16 42.20 
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Figure 90. Soil sand, clay and silt percentages in low marsh zones compared for eight 
transects (±SE, n=120). 
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Figure 91. Soil sand, clay and silt percentages in high marsh zones compared for eight 
transects (±SE, n=120). 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
Tr.1
low
marsh
Tr.1
high
marsh
Tr.2
low
marsh
Tr.2
high
marsh
Tr.6
low
marsh
Tr.6
high
marsh
Tr.7
low
marsh
Tr.7
high
marsh
P
la
n
t 
p
e
rc
e
n
t 
co
ve
r 
% Scirpus robustus
Cladium mariscoides
Distichlis spicata
Juncus roemerianus
Spartina alterniflora
 
Figure 92. Average space occupied by five plant species in coastal marshes on 
Transects 1, 2, 6, and 7. 
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Table 16. Soil sand, clay and silt percentages compared for low and high marsh zones on 
eight transects 
Transects Low marsh zones  
% sand Std. dev. % silt Std. dev. % clay Std. dev. 
Tr. 1 74.90 14.78 24.92 14.65 0.18 0.24 
Tr. 2 68.26 15.86 31.54 15.78 0.20 0.17 
Tr. 3 14.75 16.92 80.10 16.28 5.15 6.06 
Tr. 4 23.62 21.11 73.58 19.84 2.80 2.87 
Tr. 5 4.87 1.92 82.92 7.01 12.21 8.03 
Tr. 6 14.65 9.80 84.26 9.10 1.09 1.33 
Tr. 7 15.24 8.26 84.18 7.66 0.58 0.16 
Tr. 8 9.20 2.87 91.80 2.87 0 0 
Average 28.19 11.44 69.16 11.65 2.78 2.36 
 High marsh zones 
% sand Std. dev. % silt Std. dev. % clay Std. dev. 
Tr. 1 56.45 22.58 43.05 22.33 0.50 0.53 
Tr. 2 50.72 11.57 49.00 11.41 0.28 0.33 
Tr. 3 16.90 20.92 80.52 20.06 2.58 4.34 
Tr. 4 27.81 25.04 69.40 23.39 2.79 5.16 
Tr. 5 4.61 1.43 84.14 5.45 11.25 6.41 
Tr. 6 13.07 3.17 86.04 2.69 0.89 1.12 
Tr. 7 9.67 0.93 87.26 2.29 3.07 1.85 
Tr. 8 9.24 2.18 88.20 6.48 2.56 5.83 
Average 23.56 10.98 73.45 11.76 2.99 3.20 
 
 
Table 17. Soil carbon-to-nitrogen ratio compared for low and high marsh zones on eight 
transects 
Transects Low marsh zones (%) High marsh zones (%) 
Mean Std. dev. Mean Std. dev. 
Tr. 1 20.87 0.06 15.13 1.43 
Tr. 2 20.17 0.06 16.65 1.32 
Tr. 3 19.32 0.03 21.62 0.32 
Tr. 4 19.37 0.24 20.55 5.01 
Tr. 5 40.29 0.57 35.59 3.23 
Tr. 6 18.49 0.02 19.95 0.02 
Tr. 7 23.08 0.27 22.62 0.04 
Tr. 8 16.67 0.84 22.93 0.22 
Average 22.28 7.51 21.88 6.19 
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Figure 93. Average space occupied by five plant species in inland marshes on 
Transects 3, 4, 5, and 8. 
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Figure 94. Average plant density in low and high marsh zones compared for eight 
transects (±SE, n=66). 
 
Table 18. Average plant density compared for low and high marsh zones on eight 
transects 
Transects Low marsh zones (stems/m2) High marsh zones (stems/m2) 
Mean Std. dev. Mean Std. dev. 
Tr. 1 204 14.93 677 15.27 
Tr. 2 213 5.46 618 30.50 
Tr. 3 644 14.79 896 6.92 
Tr. 4 720 54.99 964 30.28 
Tr. 5 743 51.47 889 26.90 
Tr. 6 280 14.14 576 16.97 
Tr. 7 189 14.26 661 18.82 
Tr. 8 865 47.77 834 24.50 
Average 482.25 286.35 764.38 147.73 
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Table 19. Plant above- and belowground carbon-to-nitrogen ratio compared for low and 
high marsh zones on eight transects 
Transects Low marsh zones  
Aboveground Std. dev. Belowground Std. dev. 
Tr. 1 50.99 2.04 85.35 21.71 
Tr. 2 47.83 1.00 81.59 7.94 
Tr. 3 52.56 2.19 42.04 4.66 
Tr. 4 52.74 11.77 47.33 0.99 
Tr. 5 53.00 1.21 59.31 0.70 
Tr. 6 48.24 13.87 57.08 4.64 
Tr. 7 96.04 2.53 86.05 20.29 
Tr. 8 47.00 10.12 39.89 2.12 
Average 56.05 16.71 62.33 20.45 
 High marsh zones 
Aboveground Std. dev. Belowground Std. dev. 
Tr. 1 55.19 3.20 68.02 10.42 
Tr. 2 33.18 3.81 48.04 8.41 
Tr. 3 54.36 1.19 48.28 1.01 
Tr. 4 73.67 2.40 66.39 8.25 
Tr. 5 88.40 5.44 55.99 8.25 
Tr. 6 50.91 1.09 34.49 0.75 
Tr. 7 63.04 8.10 45.02 3.47 
Tr. 8 52.54 2.21 71.47 14.64 
Average 58.91 16.22 54.72 14.38 
 
 
 
 
 
Table 20. Elevation gradients on eight transects 
Transect Elevation (m) 
Low marsh zones Middle marsh zones High marsh zones Average 
Tr.1 0.076 0.119 0.006 0.067 
Tr.2 0.583 0.683 0.851 0.706 
Tr.3 0.236 0.376 0.352 0.321 
Tr.4 0.170 0.280 0.219 0.223 
Tr.5 0.555 0.927 0.911 0.798 
Tr.6 0.308 1.045 0.564 0.639 
Tr.7 0.134 0.305 0.817 0.419 
Tr.8 0.399 0.302 0.524 0.408 
Average 0.308 0.505 0.531  
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